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ABSTRACT 


Germanium  L>2  3^2  3M4  5  an<3  L2  3M4  5M4  5  Auger  spectra 
excited  by  A1  Ka^  2  radiation  were  measured  in  a  series  of 
Germanium  compounds.  Energies  and  intensities  were 
calculated  by  theoretical  models  based  on  a  mixed  coupling 
scheme  using  jj  coupling  for  the  initial  state  and  LS 
coupling  for  the  final  state.  Relaxation  contributions 
were  evaluated  and  shown  to  vary  with  the  polarizabilities 
of  the  molecules. 

Excitation  of  the  same  levels  of  Germanium  by  Mg 
Ka^  2  radiation,  which  has  an  energy  close  to  the  Ge  L2 
binding  energy  threshold,  yielded  spectral  effects  known 
as  the  Post  Collision  Interaction  (PCI)  effects  which  are 
due  to  the  interaction  of  slow  ejected  electrons  with  the 
fast  Auger  electron.  A  spectator  satellite  arising  from 
excitation  of  a  core  electron  to  a  bound  outer  level  of 
the  molecule  was  also  observed.  A  pronounced  dependence 
of  the  Auger  final  state  configuration  was  shown  to  occur 

by  comparison  of  the  L2  3M4  5M4  3  and  L2,3M2,3M4,5 
spectra . 

Tin  M4  5N4  5N4  3  Auger  spectra  in  Tetramethy ltin  and 
Hexamethy lditin  were  measured  and  compared  to  that  of 
metallic  Tin.  Energies  and  intensities  were  in  agreement 
with  theory  based  on  a  mixed  coupling  scheme  with  jj 


v 
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coupling  for  the  initial  state  and  intermediate  coupling 
in  the  final  state. 

The  valence  Auger  spectra  of  Oxygen  and  Fluorine  in 

OF2  and  Boron  and  Fluorine  in  BF3  were  also  measured. 

Intensities  and  energies  of  these  spectra  were  analyzed 

according  to  a  simplified  Molecular  Orbital  treatment. 

The  calculated  intensities  reproduced  reasonably  well  the 

experimental  shape  of  the  spectra,  but  large  discrepancies 

appeared  between  the  calculated  and  experimental 

energies.  Values  for  the  energies  of  the  doubly  charged 

•  ?+  0  + 

10ns  OF2  and  BF3  were  obtained  from  the  highest  energy 
normal  Auger  line  of  these  valence  Auger  spectra. 

Chlorine  KL2  3L2  3  ( 'LD2  ^  Au9er  and  Chlorine  ^P2>/2 
photoelectron  energies  were  measured  in  Chloromethane  and 
Chlorosilane  derivatives  to  evaluate  the  relative 
contribution  of  initial  and  final  state  effects  to 
photoelectron  and  Auger  processes  in  molecules  wherein  the 
central  atom  bonding  may  involve  d  orbitals.  These 
effects,  expressed  by  the  differences  in  potential 
contributions,  AV  and  in  relaxation  contributions,  AR, 
were  obtained  from  the  differences  of  core  photoelectron 
and  Auger  shifts.  The  Transition  Potential  Model  (TPM) 
provided  a  satisfactory  interpretation  of  chemical  shifts 
in  both  series  and  no  evidence  of  d-orbital  participation 
from  Silicon  in  chemical  bonding  was  apparent. 
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CHAPTER  I 


INTRODUCTION 

A.  General  Introduction 

Ionization  of  a  medium  by  radiation  leads  to  the 
production  of  photoelectrons  and  Auger  electrons. 

Photoelectron  Spectroscopy  (PES)  and  Auger  Electron 
Spectroscopy  (AES)  each  involve  the  experimental 
determination  of  the  energy  distribution  of  photoelectrons 
and  Auger  electrons  respectively.  Photoelectrons  are 
produced  in  the  photoionization  process  according  to 
Einstein's  law1' 


Ek  =  hv  -  Eb  1-1 

Ek  is  the  kinetic  energy  of  the  ejected  electron  which  is 
the  measured  quantity  in  the  experiment,  hv  is  the  energy 
of  the  radiation.  Eg  is  the  ionization  energy  (or  binding 
energy)  for  the  electron  from  a  particular  level.  A 
feature  of  the  experiment  is  that,  provided  the  photon  is 
sufficiently  energetic,  many  different  levels  in  the 


1 


2 


species  may  be  ionized,  thus  a  spectrum  is  produced  which 
reveals  all  accessible  energy  levels  as  a  distribution  of 
photoelectrons  with  kinetic  energies  governed  by  equation 
1-1  for  each  molecular  level. 

Auger  electrons  are  produced  when  a  molecule 
containing  an  inner  shell  vacancy  or  hole  undergoes  a 
radiationless  decay  in  competition  to  the  radiative  decay 
(X-ray  fluorescence). 

B .  Historical  Aspects 

The  two  phenomena,  photoionization  and  Auger 
emission,  have  been  known  for  a  long  time;  in  1905 
Einstein^-  explained  the  photoelectric  effect,  while  Pierre 
Auger  discovered  m  1923  the  effect  now  named  after 
him.  However,  the  field  of  photoelectron  spectroscopy  did 
not  grow  immediately  after  the  discovery  of  the  physical 
phenomenon.  The  reason  for  the  delay  was  the  inadequate 
technology  which  did  not  allow  high  resolution 
measurements  of  the  electron  energies.  The  study  of  beta 
ray  spectra  of  atoms,  requiring  the  accurate  measurement 
of  the  discrete  energies  of  electrons  ejected  during 
internal  conversion,  gave  impetus  for  the  improvement  of 
the  techniques  of  electron  spectroscopy. 


I  '• 
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Present  day  high-resolution  PES,  grew  out  of  two 
parallel  developments  that  occurred  principally  in 
Uppsala,  Sweden  and  at  the  Imperial  College  in  London, 
England.  The  thrust  of  the  Uppsala  research  was  the 
determination  of  electron  binding  energies  from  the  atomic 
shells  by  photoelectron  spectroscopy.  As  a  result  of  this 
program  it  was  discovered  that  the  binding  energies  of  the 
core  electrons  were  dependent  on  the  chemical 
environment.  To  study  these  changes  m  binding  energy  a 
spectrometer  capable  of  measuring  electrons  with 
approximately  1  keV  energy  with  a  resolution  better  than 
0.1%  is  necessary.  The  beta  ray  (electron)  spectrometers 
developed  for  nuclear  physics  research  easily  met  this 
requirement.  Meanwhile,  Turner  and  Al-Jobury^  in  England 
were  using  photoelectron  spectra  excited  by  low  energy 
sources  such  as  He1  resonance  lamps  to  study  the  binding 
energies  of  the  electrons  in  valence  orbitals.  The  lower 
energies  of  the  electrons  place  less  stringent 
requirements  on  the  analyzer  (but  stray  magnetic  fields 
can  be  more  damaging  to  the  instrumental  capability). 

Depending  on  the  energy  of  the  radiation  used  as  the 
excitation  source,  PES  is  often  subdivided  into  XPS  (X-ray 
Photoelectron  Spectroscopy)  or  ESCA  (Electron  Spectroscopy 
for  Chemical  Analysis)  and  UPS  (Ultraviolet  Photoelectron 
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Spectroscopy).  XPS,  in  which  the  incident  radiation  is  in 
the  X-ray  energy  range,  probes  the  non-bonding  core 
electrons  which  have  energies  characteristic  of  a 
particular  chemical  element.  UPS,  in  which  the  incident 
radiation  is  in  the  vacuum  ultraviolet  energy  range, 
probes  the  energy  distribution  of  valence  electrons.  PES 
allows  investigation  of  electronic  structure,  providing  a 
direct  picture  of  molecular  orbitals  for  gas  phase  species 
and  valence  bands  (densities  of  states)  in  the  solid 
state. 

In  this  thesis  XPS  and  AES  have  been  applied  to  the 
study  of  various  aspects  of  atomic  and  molecular 
properties  of  different  chemical  compounds.  For  clarity, 
this  thesis  is  organized  in  separate  chapters,  each 
consisting  of  Introduction,  Experimental,  Results  and 
Conclusions  sections.  In  this  first  introductory  chapter 
only  a  general  description  of  the  processes  is  given  and  a 
more  detailed  discussion  of  the  theoretical  aspects  will 
be  found  in  the  subsequent  chapters. 


C .  Description  of  the  Various  Processes 


In  Figure  1-1  are  shown  the  different  processes  which 
can  occur  in  electron  spectroscopy.  Both  X-rays  (K,  L,  M, 
...)  and  orbital  (Is,  2s,  2p,  ...)  notations  for  the 


•  •  • 
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PHOTOIONIZATION  PHOTOIONIZATION  WITH 

“SHAKE  UP” 


X-RAY  CORE  HOLE  AUGER 

STATE 


Figure  1-1.  Processes  involved  in  electron  spectroscopy. 
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electron  energy  levels  are  used  in  the  figure  to  show  the 
correspondences  in  nomenclature. 

1 .  Photoionization 

When  a  molecule  or  atom  A  is  bombarded  with  photons 
of  energy  hv,  the  simplest  process  that  can  occur  is  a 
transition  from  the  initial  state  to  a  final  state 
constituted  by  an  ion  Ak+  with  a  hole  in  a  level  k  plus  a 
free  electron. 

hv  +  A  -v  Ak+  +  e”  i-2 

Conservation  of  energy  dictates  that  the  energy  of  the  ion 
relative  to  that  of  the  molecule  plus  the  kinetic  energy 
of  the  electron  is  equal  to  the  energy  of  the  incident 
photon.  The  recoil  energy  of  the  ion  is  considered  to  be 
zero  because  the  mass  of  the  ion  is  three  orders  of 
magnitude  larger  than  that  of  the  electron,  and  by 
conservation  of  energy  and  momentum,  it  can  be  shown  that 
its  recoil  energy  is  negligible.  The  energy  balance 
relative  to  the  process  described  by  equation  1-2  is  the 
following : 


hv  - 


Ek  =  E(Ak+)  -  E ( A )  =  Eb 


1-3 
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where  E-^  is  the  kinetic  energy  of  the  photoelectron,  and 
EB  is  the  binding  energy  of  a  level  k.  This  binding 
energy  is  equal  to  the  difference  between  the  total  energy 
of  the  initial  state  (the  molecule)  E(A)  and  that  of  the 
final  ion  state  E(A-jc+). 

In  quantum  mechanical  terms  the  probability  for  the 

occurrence  of  the  process  described  in  equation  1-2  is 

proportional  to  the  square  of  the  transition  moment 
5 

integral 

M  =  |  £p|  <j/  >  1-4 

where  p  is  the  dipole  moment  operator.  The  sum  extends 
over  all  electrons  and  nuclei.  4,"  and  4/  are  the  wave 
functions  associated  with  the  initial  state  and  the  final 
state  respectively.  The  Born-Oppenheimer  approximation 
allows  separation  of  the  wavef unctions  into  the  product  of 
electronic  and  nuclear  functions.  Neglecting  the 

rotational  contribution  to  the  nuclear  function  because  in 
PES ,  rotational  structure  is  unresolved,  equation  1-4 
becomes 


M  =  /  4^v*(R)4'v(R)dR/^e*(r;R)  I  EPeU<L(r;R)dR 


1-5 
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where  pe  is  the  electronic  dependent  part  of  the  dipole 
moment.  The  first  integral  is  related  to  the  so-called 
Franck-Condon  factor  and  it  is  responsible  for  the 
relative  intensities  of  the  vibrational  bands  in 
photoionization  transitions.  In  XPS,  however,  the 
vibrational  structure  is  not  observed  because  the 
vacancies  are  produced  in  core  levels,  and  in  general 
transitions  occur  to  the  ground  state  vibrational  level  of 
the  ion.  Furthermore,  lifetime  effects  (and  excitation 
linewidths)  lead  to  bands  in  which  the  small  vibrational 
contributions  are  obscured.  The  second  integral  in 
equation  1-5  is  the  matrix  element  of  the  electric  dipole 
moment  for  a  given  nuclear  configuration  (R).  For  a 
photoelectron  transition  to  be  allowed,  this  integral  must 
be  non-zero.  The  transition  from  the  initial  state  of 
molecule  plus  photon,  to  ion  plus  electron,  is  restricted 
by  the  dipole  selection  rules  AL=±1,  AS=0  but  because  the 
free  electron  can  leave  the  ion  carrying  whatever  angular 
momentum  is  needed  to  satisfy  these  rules,  the 
photoionization  process  can  be  considered  to  have  no 
selection  rules  and  the  analysis  of  the  principal  peaks 
can  be  carried  out  within  the  framework  of  a  one-electron 


transition  model. 


'■ 
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The  photoelectron  spectrum  of  a  material  yields 

several  kinds  of  information.  Most  obviously,  it  provides 

a  series  of  ionization  energies  relating  to  various  states 

of  the  singly  ionized  system.  In  addition,  the  intensity 

distribution  reveals  information  concerning  the 

photoionization  cross-section,  or  the  probability  of  the 

process,  and  the  angular  distribution  of  the 

photoelectrons.  The  photoionization  cross-section  of  a 

material  is  the  total  probability  of  ionizing  it  with  a 

photon  of  given  energy.  It  is  a  function  of  the  photon 

energy.  The  sum  of  the  intensities  (that  is  areas)  of  the 

PE  bands  provides  a  proportional  measure  of  the 

photoionization  cross-section,  while  individually  the  PE 

band  intensities  give  a  measure  of  the  partial 

photoionization  cross-section  for  each  of  the  different 

ionization  processes  that  are  energetically  possible.  The 

spatial  distribution  of  photoelectrons  is  usually  highly 

anisotropic.  If  6  is  the  angle  between  the  direction  of 

propagation  of  the  photons  (which  are  assumed  to  be 

unpolarized)  and  the  direction  of  the  outgoing  electrons, 

then  the  angular  variation  of  the  intensity  of  a 

5 

photoelectron  peak  is  of  the  form 

1(9)  *  1  +  ^  p(-|  sin2e  -  1) 


1-6 
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P  is  called  the  asymmetry  parameter;  it  depends  on  the 
nature  of  the  given  molecular  orbital  and  its  value  ranges 
from  +2  to  -1.  For  a  spherical  symmetric  distribution  of 
charge,  such  as  for  an  atomic  s  orbital,  the  value  of  p  is 
+2,  the  emergent  photoelectron  has  a  preferred  orientation 
direction  at  a  90°  angle  to  the  photon  beam.  The  p  value 
provides  an  important  clue  as  to  the  nature  of  the 
molecular  orbitals.  For  0  =  54°44',  the  angular  term 
vanishes  and  the  intensity  distribution  is  independent  of 
the  asymmetry  parameters. 

Auger  emission  from  an  excited  (core-hole)  molecular 
state  in  free  molecule  is  not  dependent  on  the 
orientational  properties  of  the  excitation  source. 

This  thesis  is  not  however  concerned  with  the  aspects 
of  photoionization  cross-section  or  angular  dependences  in 
photoelectron  spectroscopy  but  only  with  the  kinetic 
energy  analysis  of  photoelectrons  and  Auger  spectroscopy. 

2 .  Multielectron  Excitation 

The  photoionization  with  "shake  up"  illustrated  in 
Figure  1-1  is  a  two  electron  transition  in  contrast  to  the 
one  electron  transition  we  have  considered  above.  The 
process  is  the  result  of  a  sudden  change  in  the  central 
potential  of  an  atom  felt  by  an  outer  shell  electron  when 
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a  vacancy  is  suddenly  produced  in  one  of  the  inner  shells 
by  photoelectron  ejection.  Two  types  of  two-electron 
transition  can  be  distinguished/  depending  upon  whether 
the  outer  shell  electron,  as  a  consequence  of  this  change 
of  potential,  is  excited  to  a  higher  bound-state  (shake- 
up  )  ^  '  8  or  to  an  unbound  continuum  state  ( shake-off ). ^ ^ 
The  first  process  (shake-up)  will  appear  as  a  discrete 
satellite  photoelectron  line  at  a  kinetic  energy  lower 
than  the  main  line  by  the  difference  between  the  ground 
and  excited  states  of  the  ion  with  the  core  vacancy.  The 
shake-off  will  appear  as  a  continuous  spectrum  rising 
smoothly  from  a  lower  kinetic  energy  to  a  threshold  whose 
energy  distance  for  the  main  peak  is  equal  to  the 
ionization  potential  for  the  ground  state  of  the  ion  with 
a  core  vacancy. 

These  kinds  of  transitions  result  in  an  ionic  state 
of  the  same  angular  momentum  as  the  primary  hole  state  and 
a  continuum  function  with  an  angular  momentum  that  yields 
an  overall  state  symmetry  required  by  the  dipole  selection 
rules.  Recently,-^  it  has  become  apparent  that  these 
satellites  arise  from  a  configuration  interaction  with  the 
primary  hole  state,  and  they  can  be  treated  as  the  primary 
photoionization  process  because  they  are  fundamentally 
equivalent.  They  both  involve  a  one  electron  dipole 
transition  but  to  two  different  final  states. 
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3 .  X-ray  Fluorescence  and  the  Auger  Process 

When  a  vacancy  is  formed  in  one  of  the  inner  shells 
of  an  atom,  it  may  be  filled  by  either  a  radiative  (X-ray 
fluorescence)  or  a  non-radiative  (Auger)  transition 
(Figure  1-1).  In  X-ray  fluorescence,  the  excess  energy  is 
released  in  the  form  of  a  photon,  whereas  in  the  Auger 
process  the  excess  energy  is  carried  away  by  an 
electron.  Comparison  of  the  relative  transition 
probabilities  of  these  two  competing  processes  have  been 


made . 


12 


If  we  have  NK  K-vacancies,  we  have  then  a  number 


of  K-series  X-ray  quanta  =  N^K  and  a  number  of  K-series 
Auger  electrons  =  NAK.  The  corresponding  transition 


probabilities 

are  PyK 

and 

PAK*  Defining  the 

K-shell 

fluorescence 

yield,  ojk 

and 

the  K-shell  Auger  yield 

aK: 

V 

PyK 

1-7 

U)K 

nk 

p  +  p 

yK  AK 

nak 

1 

> 

* 

H 

1 

oo 

aK  " 

nk 

p  +  p 

AK  yK 

with  t  9y 

=  1. 

In  the 

case  of 

L  shell  the  Coster-Kronig 

yield, 

fT  T  ,  must 

be  added. 

.  .  l  3 

These  transitions  are 

of  the 

types  Lj^Xq 

,  MiMpXq 

and 

so  on,  involving  an  electron 
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transition  between  two  L,  M,  ...  subshells,  the  released 

energy  being  carried  away  by  an  electron  from  an  outer 

shell.  The  fL<L  is  defined  by:  f L  L  =  nl • L  /nl-  w^ere 

i  1c  1  k  1  k  i 

NL  is  the  number  of  Coster-Kronig  transitions  L^Lr^X. 

Figure  1-2  shows  the  experimental  fluorescence  yield 
u)K  as  a  function  of  the  atomic  number  Z.  The  strong 
dependence  on  atomic  number  Z  arises  from  the  expression 
of  the  propability  P^K  for  emission  of  radiation 


pyK  1  V3|<f|r|i>'2 


1-9 


v  being  the  transition  frequency.  In  the  hydrogenic 
approximation  the  transition  energy  hv  is  proportional  to 
ZZ  and  the  dipole  matrix  element  <f|rji>  depends  on  Z  as 
< f  |  r  |  i >  ~  ,  therefore 

PyK  =  KZ6*  ^  =  az4  1-10 


In  the  same  hydrogenic  limit,  the  probability  for  Auger 
transitions  is  independent  of  Z,  i.e.  PAK  =  b.  This  gives 


u>k 


aZ 


b  +  aZ 


1-11 
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Figure  1-2.  Experimental  fluorescence  yield  go  as  a  function  of  atomic  number 
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The  general  result  is  that  the  greater  the  transition 
energy  the  more  likely  is  the  radiative  transition  and 
vice  versa.  At  E  -  10  keV  both  processes  have  about  the 
same  probability.  Because  X-ray  fluorescence  is  not 
measurable  with  the  equipment  used  in  this  work,  only  a 
brief  discussion  will  be  provided  to  show  the  relation  of 
XRF  to  the  Auger  process. 

The  selection  rules  governing  X-ray  transitions  are 
the  dipole  rules  AL  =  ±1  AJ  =  0,  ±1  with  J  =  0  «-{-►  J  = 
0.  Thus  transitions  from  L2  to  K  (Ka^)  and  L3  to  K  (Ka^) 
are  allowed  but  the  transition  from  to  K  is 

forbidden.  The  energy  of  the  emitted  X-ray  corresponds  to 
the  difference  between  the  energies  of  the  two  levels 
involved  in  the  transition  and,  as  a  first  approximation, 
the  shifts  for  the  core  levels  of  a  molecule  are  very 
similar.  Thus  shifts  in  the  X-ray  line  in  a  series  of 
molecules  should  be  very  similar.  This  limits  the  use  of 
X-ray  emission  for  the  study  of  the  chemical  environment. 

The  Auger  transitions  are  caused  by  the  Coulomb 

interaction  between  the  atomic  electrons.  We  can  express 

.  .  i  5 

the  probability  for  a  given  Auger  transition  as 

Pi*f  =|i|<4'f(SfLfMfJf)|V|<l,i(SiL.MiJi)>|2p(E)f  s 


1-12 
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where  V 


the  initial  and  final  state  wave  functions  characterized 
by  their  quantum  numbers  S,  L,  M,  J  and  p(E)f  is  the 
density  of  the  final  states  for  the  energy  that  satisfies 
conservation  of  energy.  Normalizing  to  one  electron  per 
atomic  unit  of  energy,  and  measuring  the  transition  rate 
per  atomic  unit  of  time  xQ  =  lia0/e^  =  2.42  x  10~17  sec 


The  wave  functions  c|>£  and  4^  can  be  expressed  in  terms  of 
the  two  hole  states 


4*f  —  ( 1 )  ( 2  ) 

4*i  =  ( i  ) 


1-14 


where  4>K  is  the  initial  core  hole  function,  4>y  and  <|>z  are 
the  final  state  hole  functions  and  is  the  continuum 

wave  function  of  the  outgoing  electron.  The  initial  and 
final  state  and  values  are  thus  defined 

in  terms  of  s,  A,  m,  j  of  the  two  holes  in  each  of  the 
final  states.  Note  that  the  Auger  processes  KYZ  and  KZY 


are  indistinguishable. 

The  transition  probability  may  also  be  written  as 


■ 
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Pi-f  =  2  Ti  I  D-E 


1-15 


where  D  is  the  direct  matrix  element 


D  =  //chy*  (1 )  4>z *  ( 2  )  | ■ 


rl  r2 


|<I>k(1)  <P\(2)  d t-j^  dx2  1-16 


and  E  is  the  exchange  matrix  element 


E  =  / / c*»z*  ( 1 )  (2  )  | 


rl  r2 


|  4>k ( 1 )  4»\(2)  drx  dr2  1-17 


Equation  1-13  and  also  equation  1-15  are  non  zero  only  if 
the  selection  rules  for  the  Coulomb  interaction  e^/r^j  are 
fulfilled.  These  rules  are  for  pure  LS  coupling:16  Sj^  = 
S ^ =  Lf ;  Mg  _  =  Mg ^7  Ml>  =  ML^  and  always  Jj_  =  Jfj  Mj_  = 
Mf 7  =  7i^.  The  parity  n  of  the  total  system  is  given  by 


7t  =  (-l)SJli. 


These  selection  rules  are  not  very 


restrictive  because  there  is  usually  a  choice  of  quantum 
numbers  for  the  outgoing  electron  which  satisfies  all 
selection  rules. 

The  energy  of  an  Auger  transition  KYZ  where  the 


initial  state  has  a  vacancy  in  the  K  shell  and  the  final 
state  has  two  vacancies,  one  in  the  Y  and  one  in  the  Z 
shell  of  the  system  A  is  given  by 
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ekyz  ea+(k)  ea 

++(YZ) 

1-18 

where  EA+(R) 

and  ea++(yz)  are  the 

total  energies  i 

of  the 

initial  hole 

state  and  the  final 

hole  state.  The 

Auger 

process  KYZ 

can  be  written  as  the 

algebric  sum  of 

three 

simple  steps. 

A  -►  A+(K)  +  e” 

E  (K ) 

I-19a 

A  -►  A+(Y)  +  e“ 

E(Y) 

I-19b 

A+(Y)  -►  A++(YZ)  +  e~ 

E  ( Z  ( Y )  ) 

I-19c 

The  energy  of  each  process  is  written  on  the  right. 

Instead  of  calculating  the  total  energies  for  initial 
and  final  states,  it  is  convenient  to  express  the  Auger 
energies  in  terms  of  the  experimental  binding  energies  of 
the  levels  involved. 

ekyz  =  E(K)-E(Y)-E(Z(Y) ) 

=  E ( K ) -E (Y)-E(Z) -F ( YZ ;  X)  1-20 

where  E(K),  E(Y),  E(Z)  are  the  binding  energy  of  electrons 
K,  Y,  Z  in  the  neutral  system,  E(Z(Y))  is  the  binding 
energy  of  electron  Z  in  an  atom  already  ionized  in  shell 


Y,  and 
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F ( YZ ;  X)  =  E ( Z ( Y ) )  -  E(Z)  1-21 


*1  n 

Asaad  and  Burhop  attributed  the  term  F(YZ;  X)  to  an 
electrostatic  interaction  between  the  two  holes  in  the 


final  state 

giving 

rise 

to 

different 

Auger 

transition 

components . 

This 

can 

be 

calculated 

using 

multiplet 

1  R 

coupling  theory. 

This 

electrostatic 

term  is  indicated 

as  F  ( YZ  ;  X) 

where  X 

is 

the 

term  designation 

of  the  two 

hole  final  state.  The  Hamiltonian  for  a  N-electron  system 
is  given  by: 


H 


Ho  + 


Hc  + 


H 


so 


1-22 


where  HQ 


N 

£  (- 
i=l 


1 

2 


EIk  is  the  pure  hydrogenic 
Hamiltonian 


H^  =  E  -  is  the  Coulombic  interaction  of  the 

c  .  .  r .  . 

1  >  d  i: 

electron  pairs 


H  =  E  £(r.  )  (£-s-)  is  the  spin-orbit  interaction 

D  U  2.  x  J- 

l 


VThen  dealing  with  closed  shell  atoms  in  the  neutral  state, 
the  fine  structure  arising  from  the  holes  in  the  final 


_ 
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state  can  be  easily  discussed  with  the  use  of  the 
equivalence  principle  of  holes  and  electrons,^  which 


states 

that  the 

level  separation 

for  a 

shell 

lacking 

N<4*+2 

electrons 

is  the  same  as 

for  a 

shell 

with  N 

electrons  present,  only  the  absolute  energies  are 
displaced  by  a  constant  value.  The  spin-orbit  energies 
for  a  configuration  of  4£  +  2-N  electrons  are  the  negative 
of  those  for  a  configuration  of  N  electrons. 

The  state  of  the  final  vacancies  depends  strongly  on 
the  coupling  scheme.  The  different  coupling  schemes  are 
determined  by  the  relationship  between  the  coulombic 
interaction  Hc  and  the  spin-orbit  interaction  Hso  which  is 
different  for  different  ranges  of  atomic  number  Z. 


Hc 

>>  Hso: 

LS-coupling 

Z 

< 

18 

Hc 

<<:  Hso: 

j  j-coupling 

Z 

> 

36 

Hc 

-  Hso: 

intermediate  coupling 

18 

< 

Z  <  36 

In  the  L-S  coupling  regime  the  spin  angular  momenta  s 
of  each  of  the  electrons  involved  are  coupled  to  give  a 
total  spin  angular  momentum,  S,  of  the  system,  and 
similarly  the  orbital  angular  momenta,  £,  couple  to  give  a 
total  orbital  angular  momentum  L.  Total  spin  and  orbital 
momenta  couple  to  give  the  total  angular  momentum  J  of  the 
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system.  The  resultant  state  is  designated  as  ^S+1Lj  where 
2S+1  is  the  multiplicity,  J  is  the  total  angular  momentum 
and  L  is  the  total  orbital  angular  momentum  which  is 
designated  by  letters  S,  P,  D,  F,  etc.  for  L  =  0,  1,  2,  3 

respectively.  States  with  different  J  but  with  the  same  L 
and  S  quantum  numbers  are  degenerate.  In  jj  coupling,  the 
spin-orbit  interaction  dominates  and  the  s  and  i  momenta 
of  each  electron  couple  to  form  a  total  angular  momentum 
j,  for  each  electron.  Thus  each  electron  is  described  by 

a  j  value.  This  gives  the  2s1^2^Ll^  ^Pl/2^2^'  ^P3/2^L3^ 

electrons,  and  the  Auger  component  is  indicated  as  KL^L^, 
KL^I^,  etc.  In  intermediate  coupling  (IC)  the  double 
vacancy  state  is  characterized  by  L,  S  and  J;  the 
degeneracy  with  respect  to  J  is  removed  by  the  spin-orbit 
perturbation.16  The  Auger  component  is  indicated  for 
example  as  KL^I^  ^P^).  The  terms  F(YZ;X)  are  expressed 
as  the  sum  of  Slater  direct  (F)  and  exchange  (G) 
integrals18  appropriate  to  each  term  arising  from  a 
particular  configuration  of  the  two  holes  in  the  final 
state  (X ) . 

It  has  been  found  that  equation  1-20  with  accurately 

calculated  values  for  the  electrostatic  term  F(YZ;X)  does 

.  •  50 

not  reproduce  the  experimental  Auger  energies.  The 

discrepancy  is  believed  to  arise  from  the  neglect  of  the 
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relaxation  of  passive  electron  orbitals  in  the  doubly 
charged  final  state.  This  relaxation,  indicated  as  R(YZ), 
increases  the  Auger  electron  energy.  It  is  called  often 
"static  relaxation",  and  it  represents  the  amount  by  which 
the  binding  energy  of  the  electron  in  step  I-19c  is 
reduced  because  its  potential  is  made  more  repulsive  when 
the  passive  electrons  relax  toward  the  hole  left  by  the 
electron  in  step  I-19b.  It  is  called  static  relaxation  to 
distinguish  it  from  the  "dynamic  relaxation"^  which 
arises  from  the  acceleration  of  the  outgoing  electron 
produced  by  the  collapse  of  the  occupied  outer  orbitals 
toward  the  hole  during  the  emission  process  and  which  is 
accounted  for  by  the  use  of  empirical  binding  energies  in 
equation  1-20. 

The  equation  for  the  Auger  energy  therefore  becomes 

eKyz  =  E(K)-E(Y)-E(Z)-F(YZ?X)+R(YZ)  1-23 

The  relaxation  term  R(YZ)  thus  determines  the  change  of 
the  Auger  electron  energy  with  the  chemical  environment 
and  therefore  makes  the  analysis  of  these  electrons 
potentially  useful  sources  of  information  on  molecular 
properties.  It  is  quite  important  from  the  experimental 
point  of  view  that  the  energy  of  the  Auger  electron 


■  • 


■ 


. 


23 


(equation  1-23)  depends  only  on  the  energies  of  the  levels 
involved  and  not  on  the  excitation  source.  As  a 
consequence  of  this  feature  the  linewidth  of  the  source 
does  not  affect  the  linewidth  of  the  Auger  peak,  and 
either  photon  or  electron  excitation  can  be  used  to 
produce  the  Auger  spectrum. 

4 .  Different  Types  of  Auger  Processes 

Besides  the  processes  illustrated  in  Figure  1-1  some 
other  transitions,  with  usually  low  intensity,  may  occur 
and  appear  in  the  "normal"  Auger  spectrum.  When  an 
initial  vacancy  created  without  additional  excitation  is 
filled  by  an  Auger  transition,  the  process  is  referred  to 
as  normal  or  diagram  Auger.  However,  as  we  have  seen  in 
the  photoionization  case,  there  is  a  finite  probability 
for  the  occurrence  of  an  excitation,  or  ionization, 
"shake-up"^  or  "shake-of f " , ^ accompanying  the  initial 
photoionization.  The  non-radiative  readjustment  to  a 
state  formed  by  the  shake-up  process  usually  results  in 
high  energy  satellite  lines,  whereas  ,  readjustments  to 
shake  off  result  in  the  formation  of  low  energy  satellite 

7 

Auger  electrons. 

Additional  high  energy  satellite  peaks  can  occur  as 

12 

the  result  of  an  autoionization  process.  An 

autoionization  state  is  formed  by  the  resonance  absorption 
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of  a  photon  which  places  an  inner-shell  electron  into  an 

unoccupied  molecular  orbital.  Decay  of  an  autoionization 

state  by  a  non-radiative  transition  in  which  the  initial 

core  vacancy  becomes  filled  by  an  atomic  electron,  and  the 

electron  in  a  bound  outer  orbital  becomes  expelled, 

results  in  high  energy  Auger  satellite  electrons.  If 

photon  excitation  is  used,  the  energy  of  the  radiation 

must  match  the  energy  of  the  electronic  transition.  In 

the  case  of  electron  excitation  during  the  collision  of 

the  electron  beam  with  the  molecule  the  high  energy 

electrons  impart  to  the  system  only  the  energy  necessary 

for  the  transition.  Therefore  autoionization  processes 

are  observed  more  often  with  electron  excitation. 

Additional  low  energy  satellites  can  be  due  to  the  so¬ 
on  ...  .  . 

called  double  Auger  process,  consisting  in  the  ejection 
of  an  additional  electron  accompanying  the  emission  of  the 
Auger  electrons.  These  processes  however  are  difficult  to 
resolve  because  they  appear  as  a  continuous  distribution 
of  energy  below  the  normal  Auger  lines. 

The  charge  on  the  resulting  ion  following  the  Auger 
transition  is  characteristic  of  the  different  processes: 
normal  processes  produce  ions  with  charge  of  +2;  high 
energy  satellite  processes  produce  ions  with  charge  of  +1 
from  autoionization  and  charge  of  +2  from  "shake-up" 
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processes;  low  energy  satellite  processes  produce  ions 
with  charge  of  +3  from  "shake-off"  and  from  double  Auger 
transitions . 

D .  Purpose  of  the  Work 

The  main  aim  of  the  work  described  in  this  thesis 
was  to  obtain  information  on  chemical  properties  of 
molecules  through  the  analysis  of  their  Auger  spectra. 

In  Chapter  III  it  is  shown  that  there  is  a  large 
dependence  of  the  Auger  energy  on  the  so-called  "final 
state  effect"  which  is  associated  with  a  relaxation 
process  suffered  by  the  molecule  when  it  loses  two 

electrons.  This  effect  can  be  evaluated  from  the 

experimental  binding  energy  and  Auger  energy  shifts. 

Chapter  IV  and  VI  describe  the  Auger  spectra 
involving  only  inner  shells  of  Germanium  and  Tin  atoms 
respectively,  in  different  chemical  environment.  Analysis 
of  intensity  and  energy  is  based  on  an  atomic  model. 

The  effect  of  the  excitation  energy  near  the 

ionization  energy  threshold  of  the  Ge  2p1y2  orbital  on 

Germanium  L2M2,3M4,5  an<^  L2M4,5M4,5  Au9er  Spectra  is 

described  in  Chapter  V.  Mg  Ka^  2  radiation  was  used  to 
study  threshold  effects  and  the  spectra  excited  by  this 
radiation  were  compared  to  those  excited  by  AlKa^  2  which 
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provides  a  photon  energy  well  in  excess  of  the  threshold 
ionization  potential. 

In  Chapter  VII  Auger  transitions  from  small  molecules 
in  which  the  final  state  has  two  holes  in  the  valence 
orbitals  are  discussed.  In  this  case  the  energy  as  well 
as  the  intensities  depend  very  much  on  the  molecular 
environment  and  a  theoretical  estimate  of  both  is  based  on 
a  molecular  orbital  model. 


■ 

CHAPTER  II 


GENERAL  EXPERIMENTAL 


A.  Electron  Spectrometer 


The  electron 

spectrometer 

used 

for  this 

work  was  a 

McPherson  ESCA  36 

consisting 

of 

an  X-ray 

source 

for 

photoionization,  a 

scanning  electron 

energy  analyzer, 

and 

an  electron  detector.  The  spectrometer  control  and  data 
acquisition  were  implemented  by  a  small  computer  (PDP- 
8).  A  turbomolecular  pumping  system  gave  an  oil  free 
vacuum  required  for  the  experiment.  In  Figure  II-l  are 
illustrated  the  main  components  of  the  instrument. 

The  electron  energy  analyzer  (scanning  monochromator) 
consisted  of  two  sections  of  concentric  spheres  having  a 
mean  radius  of  36  cm,  and  a  gap  spacing  of  80  mm.  The 
electrons  produced  in  the  target  chamber  entered  the 
analyzer  through  a  slit.  Inside  the  analyzer,  the 

electrons  were  separated  according  to  their  kinetic 
energies  by  the  electric  field  applied  to  the  spheres. 
The  electrons  reached  the  detector  through  a  second  slit 
located  at  180°  from  the  first,  where  they  were  then 
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Figure  I3>1.  Schematic  of  the  electron  spectrometer. 
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counted.  The  electron  detector  was  a  single  channel 
electron  multiplier  mounted  on  a  carriage  behind  the  exit 
slit.  It  could  achieve  a  gain  of  10^.  The  detector  and 
the  exit  slit  could  be  moved  along  the  electron  optical 
path  for  focusing  purposes.  The  entrance  and  exit  slits 
defined  the  resolution  of  the  spectrometer,  together  with 
a  pair  of  adjustable  baffles  that  permitted  the  selection 
of  instrumental  resolution  at  any  time  during  instrument 
operation.  The  resolution  of  the  spectrometer  was  energy 
dependent.  The  36  cm  spheres  could  achieve  a  resolution 
of  0.02%  of  the  analyzing  energy.  For  example  at  100  eV, 
the  smallest  interval  of  energy  that  could  be 
distinguished  was  0.02  eV;  at  1000  eV  this  energy  was  0.2 
eV.  While  traveling  in  the  region  between  the 
electrostatic  spheres,  the  electrons  moved  through  a 
magnetic  field  free  space  (<2  x  10“^  Gauss).  To  obtain 
this  field  free  space,  the  earth's  and  stray  magnetic 
fields  were  cancelled  by  two  mu-metal  shields.  The  inner 
shield  was  inside  the  vacuum  and  enclosed  the  spheres.  A 
second  shield  was  mounted  externally  to  the  vacuum  tank. 

An  instrument  constant  in  the  computer  program 
related  the  desired  electron  kinetic  energy  value  to  the 
proper  voltage  on  the  spheres  automatically.  Scanning  was 
achieved  by  digitally  stepping  the  power  supply  through 


. 
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the  desired  energy  range  and  in  the  required  voltage  steps 
within  the  power  supply  resolution. 

B .  Excitation  Sources 

The  excitation  sources  used  were  either  an  X-ray  tube 
or  a  high  current  electron  gun. 

1 .  X-ray  Tube 

The  X-ray  tube  consisted  of  a  cathode  which  was  a 
thoriated  tungsten  filament  at  a  negative  potential  and  a 
water  cooled  anode  at  a  positive  potential,  surrounded  by 
a  shield  held  at  ground  potential.  The  Copper  anode  was 
capped  with  the  metal  required  to  produce  the  desired 
radiation.  The  X-rays  entered  the  sample  cell  through  a 
0.003  mm  Aluminum  window.  This  window  removed  the  low 
energy  Brehmsstrahlung  from  the  X-ray  beam  and  also  kept 
the  gas  sample  away  from  the  X-ray  region.  The  radiations 
used  in  this  work  were,  A1  Kct-^  2  (1486.6  eV),21  Mg  Ka-^  2 
(1253,64)^2  and  AgLa^  (2984.34  eV).23  jn  all  cases  the  X- 
ray  source  was  operated  at  a  power  of  approximately  300- 
400  Watts  given  by  a  potential  difference  of  10  kV  between 
the  cathode  and  anode,  and  by  a  filament  emission  current 
of  30-40  millamperes. 


■  ? 


. 


' 


31 


2 .  Electron  Gun 

The  electron  gun  is  shown  in  Figure  II-2.  It  was 
constructed  by  Dr.  J.  Vayrynen  during  his  stay  in  this 
laboratory.  The  main  structure  of  the  gun  consisted  of  a 
tungsten  filament  0.15  mm  in  diameter,  modelled  on  a  hair 
pin  or  simple  spiral  tip  form,  and  a  cylinder  electrically 
connected  to  the  filament  by  a  resistence  of  100  kQ  and 
which  was  then  maintained  at  a  negative  potential  with 
respect  to  the  filament.  This  potential  difference 

partially  focussed  the  charge  cloud  emitted  from  the 
filament  into  the  anode  hole.  A  three  element  electron 
lens  focussed  the  beam  so  as  to  relay  the  maximum  electron 
beam  to  the  target  region.  The  voltage  of  the  middle 
element  was  varied  in  order  to  maximize  the  beam  current, 
whereas  the  other  two  elements  were  held  at  ground.  The 
power  supply  for  the  filament  of  the  electron  gun  was  HV- 
isolated  and  stabilized  to  give  a  constant  current  through 
the  filament.  Typical  voltage  and  current  values  across 
the  filament  were  3  V  and  3  A  respectively.  The  maximum 
beam  current  of  the  gun  was  approximately  2  mA  by  the 
accelerating  voltage  of  about  2.5  kV. 

3 .  Sample  Handling 

All  the  samples  were  obtained  from  commercial 
sources.  The  liquids  were  first  degassed  in  vacuum  by  a 
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Figure  II-2.  Schematic  of  the  electron 
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freeze-thaw  technique.  The  samples  (except  solid  GeC>2 ) 
were  studied  in  the  vapor  phase  at  a  constant  pressure 
during  a  given  run.  The  gas  pressures  in  the  target 
chamber  were  approximately  150-200  micron  in  the  case  of 
X-ray  excitation,  much  lower  (about  1  |i)  in  the  case  of 

electron  gun  excitation.  The  pressure  inside  the  analyzer 
was  approximately  10”^  |i.  The  sample  pressure  was 

monitored  by  a  MKS  Baratron  Pressure  gauge. 

4 .  Energy  Calibration 

The  kinetic  energy  of  the  electron  was  calculated 
from  the  equation 


KE  =  kAV  II-l 

where  A V  is  the  potential  difference  between  the  analyzer 
spheres  and  k  is  the  experimentally  determined  instrument 
constant.  In  order  to  compensate  for  any  possible 
variations  with  time  in  the  measured  energies  (due  to 
alteration  of  external  fields,  pressure  differences, 
charge  differences,  etc.)  and  for  the  non-linearity  of  the 
kinetic  energy  and  potential  difference  relationship  at 
high  kinetic  energy  where  relativistic  effects  are 
noticeable,  the  spectral  lines  were  calibrated  with  two 
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accurately  known  rare  gas  lines.  Calibrations  were  done 


on 

a  mixture  of  sample  and  rare 

gas . 

In  order  to  use  Ar 

2s 

as  a  reference 

line. 

which  is 

not 

a  primary  standard. 

it 

was  calibrated 

with 

respect 

to 

Neon  KL2  3L2  3(^02) 

Auger  line  (804.557(17)  eV  kinetic  energy  and  Argon 
2P3/2  (248.62(8)  eV  binding  energy) ^  photoelectron 

line.  The  value  of  326.37(5)  eV  was  obtained,  in 

agreement  with  the  value  given  in  literature.  Kr 

L2m4  5m4  5^G4^  Auger  line  which  is  not  a  primary  standard 
was  also  accurately  calibrated  with  respect  to  Ne  Is 
(870.312(17)  eV  binding  energy )^  photoelectron  line  and 
Ne  KL2  3L2  3(^02^  Anger  lines.  The  value  of  1513.73(10) 
eV  was  obtained  and  used  subsequently  as  reference  line. 

The  spectra  were  recorded  digitally  and  analyzed  by 
means  of  a  locally  adapted  version  of  a  least  squares 

programme  which  fitted  the  data  to  either  a  Lorentzian 
or  Gaussian  function.  Count  rates  were  corrected  for 

transmission  of  the  analyzer  by  the  function  l/E  before 
applying  the  fitting  procedure. 


CHAPTER  III 


EFFECT  OF  CENTRAL  ATOM  ON  TERMINAL  CHLORINE  KL2 f 3L2 # 3 ( 1D2 ) 
AUGER  AND  CORE  IONIZATION  ENERGIES 

A.  Introduction 

In  this  chapter  the  experimental  Chlorine 
KL2  2L2  3  (^2)  Auger  energies  and  Chlorine  2p  binding 
energies  in  Chloromethanes ,  Fluorochloromethanes , 
Methylchlorornethanes  and  in  Chlorosilanes  and 
Methylchlorosilanes  are  discussed.  Binding  energies  and 
Auger  energies  are  compared  to  evaluate  relative 
contributions  of  initial  state  effects  and  final  state 
effects  in  molecules  wherein  the  central  atom  bonding  may 
involve  'd'  orbitals.  These  effects,  which  are  expressed 
by  the  differences  in  potential  contribution  AV  and 
differences  in  relaxation  contributions  AR  can  be  obtained 
from  the  difference  of  core  photoelectron  and  Auger  energy 
shifts.  The  AV  and  aR  terms  obtained  from  experimental 
results  are  compared  with  the  corresponding  values 
obtained  from  potential  models  utilizing  potentials  from 
CNDO/2  calculations. 
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B .  Experimental 

All  compounds:  CC14,  CHCI3,  CH2C12,  CH3CI ,  CFCI3 , 

CF2C12,  CF3CI,  CH3CCI3 ,  (CH3)2CC12,  (CH3)3CC1,  SiCl4, 

SiHCl3,  SiH2Cl2>  CH3SiCl3,  (CH3)2SiCl2/  (CH3)3SiCl  were 
obtained  from  commercial  sources;  the  Methane  derivatives 
from  Aldrich,  the  Silane  derivatives  from  Aldrich,  Pierce 
and  Peninsular  Chem.  Research.  The  purity  of  the  samples 
varied  from  practicum  grade  (>95%)  for  SiHC^  to 
purissimum  grade  (>99%)  for  the  other  compounds.  The 
different  purity  grades  of  the  liquids  did  not  affect  the 
measurements  of  the  respective  vapors,  since  clean  peaks 
were  recorded.  The  Auger  line  Cl  KL2  3L2  3(^03)  was 
excited  by  Ag  La^  radiation  (2984.34(2)  eV )  ^  and 
calibrated  with  respect  to  the  Ne  Is  (870.312(17)  eV 
binding  energy )^4  and  Ar  is  (326.37(5)  eV  binding 
energy)  photoelectron  lines.  The  Cl  2s,  Cl  2p,  Si  2p 
lines  were  excited  by  Mg  Ka^  2  radiation  (1253.64  eV)^. 
Cl  2s  and  Cl  2p  lines  were  calibrated  with  respect  to  the 
Ar  2P3  j2  (248.62(8)  eV  binding  energy  )^  and  Ar  2s 
(326.37(5)  eV  binding  energy)"^  photoelectron  lines,  Si  2p 
was  calibrated  with  respect  to  the  Kr  ^p^/2  (214.55(15)  eV 
binding  energy)^  and  Kr  3dc^2  (93.80(10)  eV  binding 

O  C 

energy)  photoelectron  lines. 
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C .  Theory 

As  described  in  Chapter  I,  XPS  yields  directly 
electron  binding  energies  which  depend  on  the  chemical 
environment.  The  difference  between  the  experimentally 
determined  binding  energy  for  a  particular  electron  level 
in  a  given  molecule  and  that  for  the  same  level  in  another 
molecule  taken  as  reference  is  called  "chemical  shift". 
Binding  energy  shifts  arise  from  changes  in  electronic  and 
nuclear  charge  distribution  between  one  molecular  species 
and  another.  They  are,  therefore,  closely  related  to 
properties  of  chemical  interest. 

As  was  described  by  equation  1-3  the  electron  binding 
energy  is  equal  to  the  transition  energy  for  a  molecule 
from  the  initial  state  A  to  the  final  state  A^.+  and  it  is 
given  by  the  difference  between  the  total  energy  of  the 
initial  neutral  state  A  and  the  final  hole  state  A-^+. 
Rather  accurate  total  energies  are  obtained  by  self 
consistent  field  (SCF)  calculations  within  the  Hartree- 
Fock  formalism^  with  different  levels  of  approximation. 
The  binding  energies  are  calculated  as  differences  of 
these  total  energies.  This  is  known  as  the  AEgCF 
method.  The  rigorous  evaluation  of  chemical  shifts 
involves  four  total  energy  calculations,  two  for  each 
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molecular  species.  This  method  can  be  quite  time 
consuming  depending  on  the  various  levels  of  approximation 
and  sophistication  used,  such  as  the  extent  of  the  basis 
set  and  inclusion  of  configuration  interaction.  Also  some 
difficulty  arises  in  calculating  the  hole  states  because 
they  do  not  always  satisfy  the  conditions  required  by  the 
variational  principle.  A  quite  drastic  simplification  to 
this  method  is  introduced  by  the  "sudden"  approximation 
wherein  it  is  considered  that  the  ionization  process 
occurs  so  quickly  that  the  remaining  electrons  in  the 
molecule  (passive  electrons)  do  not  have  time  to  adjust  to 
the  new  situation  with  a  core  hole,  and  so  they  can  be 
represented  by  the  same  wavef unctions  of  the  ground 
state.  From  this  assumption  it  follows  that  the 
ionization  energy  Eg  of  a  kth  orbital  is  just  equal  to  the 
orbital  energy  ek. 

Eb  =  E(Ak+)  -  E ( A )  =  -ek  III-l 

O  O 

This  result  is  known  as  Koopmans '  theorem4  and  it 
involves  only  one  calculation  for  each  system.  Koopmans' 
energies,  however,  overestimate  the  experimental  values 
especially  for  inner  shells. 
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Hedin  and  Johansson  formulated  a  correction  that 
relates  the  Koopmans 1  energies  to  the  energies  obtained 
from  complete  hole  state  calculations.  This  correction, 
which  is  called  the  relaxation  energy,  is  obtained  by 
evaluating  the  expectation  value  of  a  "relaxation 
potential"  VR: 

VR  =  E  (Vi*  -  Vi)  III-2 
jr^k  3  3 

in  the  kth  state.  Vj  and  Vj*  represent  both  the  Coulomb 
plus  exchange  potentials  due  to  the  jth  occupied  orbital 
in  the  initial  neutral  state  and  in  the  final  ionic  state 
with  a  hole  in  the  kth  orbital  respectively.  The 
relaxation  energy  ER(k)  is 

er (k )  =  j  <k| VR|k>  II 1-3 

where  <k|VR|k>  is  given  by  a  combination  of  Coulomb  and 
exchange  integrals.29  The  relaxed  binding  energy 
therefore  becomes 
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Equation  III-4  still  requires  hole-state  calculations  in 
order  to  evaluate  Vj*,  the  potential  due  to  the  relaxed 
jth  passive  orbitals,  for  each  value  of  j .  To  avoid  these 
difficult  calculations,  the  "equivalent  cores 
approximation"-^  is  introduced.  The  essence  of  this 
approximation  derives  from  the  realization  that  one 
electron  in  an  inner  orbital  will  (almost  completely) 


shield 

an  outer 

electron  from 

one  unit 

of 

nuclear 

charge . 

Thus  an 

outer  orbital 

in  an  atom 

of 

nuclear 

charge 

Ze  with 

a  hole  in  an 

inner  shell 

can  be 

approximated  by  the  corresponding  outer  orbital  in  the 
ground  state  of  the  next  element  of  atomic  number  Z+l. 
All  the  hole  state  integrals  for  the  element  with  atomic 
number  Z  required  in  equation  III-2  are  replaced  by  the 
corresponding  ground-state  integrals  of  the  element  with 
atomic  number  Z+l.  Good  agreement  between  experimental 
binding  energies  and  calculated  energies  has  been  obtained 
with  this  approach  and  the  chemical  shifts  predicted  from 
differences  in  these  binding  energies  agree  with  the 
experiment  to  ~1  eV  or  better  depending  on  the  basis  sets 
used  for  the  calculations.  The  method  discussed  above, 
however,  even  with  the  simplifying  approximations  used  is 
still  difficult  and  expensive  especially  for  large 


molecules . 
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By  inferring  the  physical  origins  of  the  chemical 
shifts,  it  has  been  possible  to  formulate  an  electrostatic 
potential  model  which  allows  the  calculation  of  the  shifts 
directly  without  need  for  the  total  energies  of  the 
neutral  molecule  and  ion.  According  to  this  model,  the 
binding  energies  are  considered  to  be  determined  by  two 
factors:  the  electrostatic  potential  experienced  by  the 
core  electron  in  the  ground  state  before  ionization  and 
which  is  often  referred  to  as  "initial  state  effect",  and 
the  relaxation  potential  energy  that  arises  from  the 
redistribution  of  the  electronic  charge  during  ionization 
and  which  is  referred  to  as  the  "final  state  effect". 
Consideration  of  only  the  first  factor  leads  to 
formulation  of  a  Ground-state  Potential  Model  (GPM).22  if 
both  factors  are  considered,  the  Relaxation  Potential 
Model  (RPM)22  is  obtained. 

Basch22  and  Schwartz2^  showed  that  the  shifts  in  the 
orbital  energy  of  level  i  and  in  its  potential  energy  are 
quite  accurately  related  by 

5  AV1*-  HI-5 

where  AV1  includes  interaction  between  the  core  electron  i 
under  consideration  and  the  valence  electrons  and 
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interaction  between  the  core  electron  i  with  the  nucleus 
and  core  electrons  on  other  atoms.  The  core  electrons  on 
other  atoms  effectively  screen  an  equal  amount  of  nuclear 
charge  and  may  be  considered  as  shrunk  into  their 
respective  nuclei.  The  interaction  of  the  core  electron  i 
with  the  nucleus  and  core  electrons  on  other  atoms  may 
consequently  be  considered  as  between  point  charges. 
Basch  also  collapsed  the  core  orbital  of  interest  into 
the  corresponding  nucleus,  reducing  in  this  way  all  the 
two-electron  integrals  to  one-electron  integrals  over  the 
valence  electrons.  Then,  instead  of  calculating  the 
potential  energy  shifts  of  the  core  electron  i  according 
to  III-5,  shifts  in  the  potential  energy  at  the  nucleus 
AVn  created  by  the  valence  electrons  of  the  atom  of 
interest  treating  the  other  atoms  in  the  molecule  as  point 
charges  can  be  used 


AeL  =  AVn  III-6 

Then,  by  application  of  Koopmans '  theorem  (equation  III-l) 

AEg1  =  -AVn  III-7 


The  potential  term  AVn  involves  no  core  orbitals  and  may 
be  evaluated  from  semiempirical  calculations  such  as 
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35 

CNDO  which  does  not  use  core  orbitals  in  the  basis 

set.  When  the  relaxation  potential  energy 

(equation  III-3)  is  included,  the  use  of  the  equivalent 
.  •  30  31 

cores  approximation  '  gives  the  following  expression 

AEb  =  -AVn(Z)  -  aR  III-8 

where  AR  is  the  relaxation  energy  shift  relative  to  a 

reference  molecule.  Using 

AR  =  ^-[AVn(Z+l)  -  AVn(Z)]  HI-9 

the  (RPM)  expression  for  the  chemical  shift  is 

AEb  =  -  ^-[AVn(Z+l)  +  AVn(Z)]  II I -10 

where  AVn(Z)  and  AVn(Z+l)  are  the  nuclear  potentials 

calculated  for  the  atoms  of  nuclear  charge  Z  and  Z+l 
respectively.  In  CNDO,  the  equivalent  cores  approximation 
is  introduced  by  replacing  the  ionized  atom  with  an  atom 
of  the  next  higher  atomic  number  (thus  Argon  for  Chlorine) 
and  repeating  the  calculations  using  the  same  molecular 
geometry  but  increasing  the  net  molecular  charge  by  one 

unit  to  equate  the  number  of  electrons  in  the  two  species 


- 
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(Z  and  Z+l )  and  to  preserve  the  closed  shell 
configuration.  The  Relaxation  Potential  Model  requires 
two  calculations,  one  for  the  Z  atom  and  one  for  the  Z+l 
atom  in  the  molecule. 

The  Transition  Potential  Model  (TPM)^  has  been 
suggested  as  a  method  of  evaluating  shifts  and,  if  only 
shift  predictions  are  needed,  only  one  calculation  per 
molecule  is  required.  In  this  approach  the  ionized  atom 
in  the  molecule  is  replaced  by  a  pseudo-atom  of  effective 
charge  Z*  =  Z+  ^  with  the  assumption  of  a  linearity 
between  charges  and  potentials.  The  parameters  used  for 
this  atom  in  semiempirical  calculations  are  interpolated 
between  those  appropriate  to  the  Z  and  Z+l  atoms,  so 
equation  III-8  becomes 


AEb  =  -AVn(Z*)  III-ll 


Expressions  analogous  to  equations  III-7,  III-9, 
III-10  may  be  derived  for  Auger  electron  energy  shift. 


aEAu 

=  AVn(Z+l) 

(GPM ) 

III-12 

aEAu 

=  -|[AVn(Z+l)  +  AVn(Z+2)] 

(RPM) 

III-13 

aEAu 

=  AVn(Z+3/2) 

(TPM) 

II 1-14 
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These  expressions  allow  the  estimation  of  the  Auger  shifts 
from  potentials  at  the  nucleus  obtained  from  CNDO 
calculations.  However  for  Chlorine  in  particular  RPM  and 
TPM  models  require  calculations  on  a  Z+2  and  Z+3/2  atoms 
which  are  beyond  Argon  and  for  which  the  CNDO 
parameterization  is  not  available. 

The  Auger  shifts  involving  core  levels  can  be 
expressed-*0  as  a  function  of  the  potential  and  relaxation 
terms  analogous  to  those  used  for  the  photoelectron 
shifts.  From  equation  1-23  and  from  equation  III-8  the 
following  expression  for  the  Auger  energy  shift  is 
obtained 


AEryz  =  AV(Y)  -  AR(Y)  +  AR(YZ)  III-15 

assuming  that  the  potential  shift  at  the  nucleus  is  the 
same  for  any  core  electron  regardless  of  whether  a  K  or  L 
shell  electron  is  involved.  AR(Y)  and  AR(YZ)  are  the 
changes  in  relaxation  energy  which  consists  of  a 
readjustment  of  the  electronic  charge  accompanying  the 
creation  of  a  single  hole  and  a  double  hole  respectively. 

The  readjustment  of  electrons  from  the  same  atom 

O  Q 

which  undergoes  the  process  (intraatomic  relaxation)  is 


\ 

. 
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assumed 

to 

be 

almost  constant  from  one 

molecule 

to 

the 

other. 

So 

the 

contribution  from  these 

electrons 

to 

the 

relaxation  energy  changes  is  zero.  aR(Y)  and  aR(YZ)  in 
equation  III-15  are  due  to  contributions  from  all  the 
other  atoms  in  the  molecule  and  they  are  called 
extraatomic  relaxation  energies.  This  kind  of 

relaxation  consists  in  the  polarization  of  the  electron 
clouds  on  adjacent  atoms  which  increases  the  kinetic 
energy  of  the  outgoing  electron.^  From  the  classical 
electrostatic  treatment  of  the  polarization  energy  of  an 
ion  in  a  dielectric  solid  it  arises  that  the  extraatomic 
relaxation  is  proportional  to  the  square  of  the  ion 
charge . ^ 

In  the  case  of  photoionization  the  charge  of  the  ion 
is  +1?  in  the  case  of  the  Auger  process  the  charge  is  +2 
and  therefore  the  aR(YZ)  in  equation  III-15  differs  by  a 
factor  of  four  from  the  relaxation  aR(Y). 

AEAu  =  AV(Y)  -  AR(Y)  +  4 AR( Y )  III-16 

&EAu  =  AV(Y)  +  3AR(Y)  III -17 

Combining^  equation  III-8  and  equation  III-17  the  relation 
between  photoelectron  and  Auger  energy  shifts  is  obtained 
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AEAu  +  AEB  =  2aR(Y) 


111-18 


The  relationship,  given  by  equation  III-1S,  between  the 

Auger  shift  AEAu  and  the  binding  energy  aEb  has  been 

•  40 

defined  as  the  Auger  parameter.  Act* 


2  AR  =  Aa.  III-19 

Using  equations  III-8  and  III-17  it  is  possible  then  to 
calculate  the  effect  of  the  initial  state  potential  aV  and 
of  the  final  state  relaxation  AR  if  the  binding  energy 
shifts  and  Auger  energy  shifts  are  measured. 

D .  Results  and  Discussion 

In  Table  III-l  are  listed  the  experimental  Chlorine 
2p 3/2 •  Chlorine  2s,  Carbon  Is  photoelectron  energies,  and 
the  Chlorine  KL2  3L2,3^D2^  Auger  energies  in  a  series  of 
Carbon  based  molecules.  In  Table  III-2  are  reported  the 
corresponding  values  for  analogous  Silicon  compounds.  The 
Cl  2P3/2  binding  energy  and  Cl  KL2 f 3L2 t 3 ( ^2 )  Auger  energy 
shifts  in  the  two  series  of  compounds  relative  to  CCI4  and 
SiCl4  are  given  in  Table  III-3  and  Table  III-4 


. 
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Table  III-l.  Cl  Cl  2s,  C  Is  Binding  Energies  and  Cl 

KL2  3L2  3(^2^  Auger  Kinetic  Energies  for 
Methane  Seriesa 


Compound 

C1  2P3/2 

Cl  2s 

Cl  kll(1d2) 

C  Is 

(eV) 

(eV) 

(eV) 

(eV) 

cci4 

207.09 

277.98 

2374.45 

296.35 

HCCI3 

206.96 

277.85 

2374.29 

295.24 

h2cci2 

206 . 76 

277.61 

2373.88 

293.91 

H3CC1 

206.30 

277.20 

2373.45 

292.46 

CH3CC13 

206 . 60 

277.52 

2374.75 

295. 05b  291. 71c 

(ch3)2cci2 

206.15 

276.96 

2375.02 

293. 69b  291. 29c 

(ch3)3cci 

205.47 

276.27 

2375.51 

291 . 15 

fcc13 

207.23 

278.21 

2373.87 

297.58 

f2cc12 

207.68 

278.51 

2373 . 17 

298.91 

F3CC1 

207.83 

278.80 

2372 . 25 

300.35 

a.  The  values  are  the  averages  of  at  least  three 
measurements.  The  maximum  deviation  is  0.05  eV. 

b.  C  Is  binding  energy  of  the  central  Carbon  atom. 

c.  C  Is  binding  energy  of  the  Methyl  Carbon  atom. 
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Table  III-2.  Cl  2p^y2*  Cl  2s,  Si  2p  Binding  Energies  and 

Cl  KLL(^D2)  Auger  Kinetic  Energies  for  Silane 
Series3 


Compound  Cl  2p3/3  Cl  KLL(‘'"D2^ 

(eV)  (eV)  (eV)  (eV) 


SiCl4 

206.84 

277 

HSiCl3 

206.60 

277 

H2SiCl2 

206.44 

277 

CH3SiCl3 

206.17 

277 

(ch3 ) 2sici2 

205.56 

276 

(CH3)3SiCl 

205.27 

276 

82 

2373.68 

110.11 

54 

2373.62 

109.33 

26 

2373.60 

108.52 

03 

2374.10 

108.91 

61 

2374.48 

107.82 

20 

2374.95 

106.82 

a.  The  values  are  the  averages  of  at  least  three 

measurements.  The  maximum  deviation  is  0.05  eV. 
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Table  III-3.  Cl  Biding  Energy  Shifts  and  Cl 

KL2  3L2  3(^02)  Auger  Energy  Shifts  Calculated 
Relative  to  CC14  ( AE  =  Ecompd  -  Eccl4) 


Compound 

AEC1  2p3/2 

(eV) 

AEci  kll(1d2 

(eV) 

CC14 

0.0 

0.0 

HCCI3 

-0.13 

-0.16 

H2CC12 

-0.33 

-0.57 

H3CCI 

-0.79 

-1.00 

CH3CCI3 

-0.49 

0.30 

( ch3 ) 2CC12 

-0.94 

0.57 

(ch3)3cci 

-1.62 

1.06 

fcc13 

0.14 

-0.58 

F  2cc12 

0.59 

-1.28 

f3cci 

0.74 

-2.20 
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Table  III-4.  Cl  2p3/3  Binding  Energy  Shifts  and  Cl 

KL2 '  3L2 f 3 ( ^2 )  Auger  Energy  Shifts  Calculated 
Relative  to  SiCl4  (AE  =  Ecompd  -  Esicl4> 


Compound 

AEC1  2p3/2 
(eV) 

AEci  kll(1d2 

(eV) 

SiCl4 

0 

• 

0 

0 

• 

0 

HSiCl3 

-0.24 

-0.06 

H2SiCl2 

0 

• 

0 

1 

1 

0 

• 

0 

00 

CH3SiCl3 

-0.67 

0.42 

(CH3 ) 2sicl2 

-1.28 

0.80 

(CH3)3SiCl 

-1.58 

1.27 
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respectively.  Some  of  the  photoelectron  and  Auger 
energies  listed  in  Table  III-l  had  been  reported  by  other 
workers ;  ^3  #  44  vaiues  obtained  in  this  work  are  in  good 
agreement  with  literature  values  with  the  exception  of 
some  of  the  Cl  ^2,2^2  3^D2^  Auger  energies  which  are 
about  1.2  eV  smaller  than  those  reported  by  Aitken  et 
ai.43  This  discrepancy  may  be  due  to  the  use  of  different 
calibration  procedures.  Two  calibrant  lines  both  on  the 
low  kinetic  energy  side  of  the  unknown  line  were  used  in 
the  previous  study  whereas  in  this  work  two  peaks 
bracketing  the  unknown  line  were  used. 

All  the  values  reported  are  the  averages  of  at  least 
three  measurements.  The  maximum  deviation  was  0.05  eV. 
Peak  positions  were  determined  by  a  least  squares  fit 
curve  of  a  Gaussian  lineshape  to  the  data.  Chlorine  2p 
was  fitted  with  two  Gaussians  separated  by  the  spin-orbit 
splitting  of  1.8  eV.  The  spin-orbit  splitting  of  the 
Silicon  2p  level  was  not  resolved.  The  Silicon 
2Pl/2”^P3/2  energy  difference  has  been  reported  to  be 
about  0.6  eV.^  However,  it  was  not  possible  to  fit  two 
Gaussian  components  separated  by  this  amount  to  the 
experimental  peak  because  of  convergence  problems  so  the 
Si  2p  lines  were  fitted  with  a  single  Gaussian  of  greater 
full  width  at  half  maximum  ( FWHM )  .  Presuming,  as  seems 


. 


« 


53 


reasonable,  that  the  spin-orbit  splitting  is  essentially  a 
constant,  this  procedure  will  not  affect  shift  values. 

From  Tables  III-l  and  III-2  it  can  be  seen  that  the 
energies  do  not  change  drastically  from  one  compound  to 
the  other.  However  there  are  some  definite  trends  in 
agreement  with  chemical  environment  consideration. 

Plots  of  the  experimental  Chlorine  2 P3/2  binding 
energy  shifts  versus  the  experimental  Chlorine 
^l2 , 3l2  3^d2^  Auger  shifts  for  Carbon  compounds  and 
Silicon  compounds  are  shown  in  Figures  III-l  and  III-2, 
respectively.  The  sign  of  the  Auger  shifts  has  been 
changed  because  the  binding  energy  axis  and  the  kinetic 
energy  axis,  which  are  used  for  the  Auger  energies,  have 
opposite  directions.  In  both  series  of  compounds  the 
points  lie  on  different  lines.  The  slopes  of  these  lines 
change  with  the  environment  of  the  Chlorine  and  none  of 
them  is  unity  which  would  correspond  to  equal  absolute 
value  of  the  shifts.  For  the  Methyl  substituted  compounds 
in  the  Carbon  and  Silicon  series,  the  Auger  shifts  are 
smaller  than  the  photoelectron  shifts  whereas  the 

Chlorof luorocarbons  have  much  larger  Auger  shifts  as 
compared  to  the  photoelectron  shifts.  For  the 

Hydrocarbons  in  both  series,  the  shifts  of  the  binding 
energies  are  in  opposite  direction  with  respect  to  the 
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binding  energy  shifts,  AE0  ,  for  Silane  derivatives. 
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shifts  in  Auger  energies.  Differences  in  magnitude  of  the 
Auger  energy  shifts  and  binding  energy  shifts  have 
previously  been  observed46  for  Si  2p  and  Si  KL2  3L2  3  in 
different  series  of  compounds.  Also  in  that  case  the 
Methy lch loros i lanes  (CH3)X  SiCl4_x  gave  smaller  Si  KLL 
Auger  shifts  than  Si  2p  binding  energy  shifts.  For  the 
molecules  lying  on  the  same  line  in  Figures  III-l  and 
III-2  it  can  be  assumed  that 

AEAu  =  -k  AEB  III-20 

where  the  constant  k,  given  by  the  slope,  takes  different 
values  depending  on  the  groups  present  in  the  molecules. 
From  Tables  III-3  and  III-4  it  can  be  seen  that  the  Auger 
shifts  in  the  HxSiCl4_x  series  are  small  compared  to  the 
corresponding  series  in  Carbon  compounds. 

The  various  potential  models  were  used  to  calculate 
Chlorine  2p  binding  energy  shifts.  The  potentials  at  the 
nucleus  have  been  obtained  from  CNDO/2  semi-empirical 
calculations,  using  the  original  parameterization  of  Pople 
et  al.^5  with  the  exception  of  Cl  for  which  revised 
(l+A)/2  parameters4^  were  used.  Calculations  have  been 
performed  with  and  without  inclusion  of  d  orbitals  in  the 
basis  set.  Values  of  Chlorine  2 P3/2  binding  energy 
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shifts,  AE2p,  calculated  using  GPM  potential  differences 
according  to  equation  III-7  from  CNDO/2  calculations 
without  d  orbitals  in  the  basis  set  are  plotted  against 
the  corresponding  experimental  values  in  Figures  III-3  and 
III-4  for  Carbon  and  Silicon  compounds,  respectively.  If 
the  model  reproduced  the  experimental  results,  a  linear 
plot  with  slope  of  unity  would  be  expected.  The  lines  in 
the  figures  have  been  calculated  by  least  squares  analysis 
and  the  parameters  of  the  fit  are  given  in  Table  III-5. 
Deviations  from  ideality  are  observed  in  all  cases.  All 
the  points  corresponding  to  molecules  with  the  same  kind 
of  chemical  environment  follow  one  line  characterized  by  a 
unique  slope  which  is  determined  by  the  kind  of 
substituents  in  the  molecules.  The  negative  and  small 
value  of  the  slope  obtained  for  the  line  correlating 
Chlorof luorocarbons  FxCCl4_x  is  quite  peculiar.  The 
Relaxation  Potential  Model  was  also  applied  for  these 
compounds.  The  Chlorine  ^V2/2  binding  energy  shifts, 
calculated  using  RPM  potential  differences  according  to 
equation  III-10  and  without  d  orbitals  in  the  basis  set 
for  CNDO/2  calculations,  are  plotted  against  the 
corresponding  experimental  values  in  Figures  III-5  and 
III-6  for  Carbon  and  Silicon  compounds,  respectively.  The 
parameters  of  the  least  squares  fit  are  given  in  Table 
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Table  III-5.  Parameters  from  Least-Squares  Fit  of  Data  in 

Figures  III-3  and  III-4  ( GPM ) 


Compound3 

S  lope 

I ntercept 

Corr . 

(ch3)xcci4.x 

1.76 

o 

• 

o 

1 

1.00 

HxCC14_x 

2.24 

-0.13 

0.98 

fxcci4_x 

-0.28 

0.08 

0.75 

(CH3)xSiCl4_x 

1 . 12 

0.02 

1.00 

HxSiCl4_x 

0.43 

-0.03 

0.98 

a.  x  =  0  to  4;  H^SiCl  is  missing  from  the  series. 

b.  Correlation  factor  of  the  fit. 
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III-6.  In  this  case  all  Carbon  compounds  correlate  with 
each  other  with  a  slope  >1  ana  likewise  all  Silicon 
compounds  correlate  but  with  a  slope  of  approximately 
unity.  Also  the  points  relative  to  FxCCl4_x  series  are 
scattered  about  the  line  with  positive  slope.  These 
results  show  that  the  RPM  approximation,  which  accounts 
for  that  part  of  the  chemical  shift  which  is  due  to  the 
relaxation  of  the  molecule  accompanying  the 
photoionization  process,  is  a  better  model  than  GPM.  The 
Transition  Potential  Model,  which  is  an  alternate  model 
equivalent  to  the  RPM,  was  also  applied  to  Cl  2p^/2 
binding  energy  shifts.  Equation  III-ll  was  used  without  d 
orbitals  included  in  the  basis  set  of  the  CNDO/2 
calculations.  The  plots  obtained  from  TPM  potential 
differences  are  shown  in  Figures  III-7  and  III-8  for 
Carbon  and  Silicon  compounds  respectively.  As  expected 
the  results  are  similar  to  those  obtained  from  the  RPM. 
The  parameters  of  the  least  squares  fit  are  given  in  Table 
III-7.  When  the  d  orbitals  were  included  in  the  basis  set 
of  the  CNDO/2  calculations,  within  the  TPM  approximation, 
the  results  shown  in  Figures  III-9  and  III-10  for  Carbon 
and  Silicon  compounds  were  obtained  respectively.  No 
relevant  change  is  observed  for  the  Carbon  series  compared 
to  the  results  obtained  without  d  orbitals.  For  the 
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Table  III-6.  Parameters  from  Least-  Squares  Fit  of  Data  in 

Figures  III-5  and  III-6  (RPM) 


Compound3 

S  lope 

Intercept 

Corr.' 

Lxccl4-xb 

1.31 

0.02 

0.94 

YSiCl4_xc 

0.99 

-0.06 

0.98 

a.  x  from  0  to  4;  H3SiCl  is  missing  from  the  series. 

b.  L  =  H,  CH3,  F. 

c.  Y  =  H,  CH3. 

d.  Correlation  factor  of  the  fit. 
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Potential  model  (TPM)  using  CNDO/2  point  charge  potentials  without  d  orbitals. 
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Table  III-7.  Parameters  from  Least-Squares  Fit  of  Data  in 

Figures  III-7  and  III-8  (TPM) 


Compound3 

Slope 

Intercept 

Corr . ' 

Lxccl4-xb 

1 . 36 

0.11 

0.94 

YxSiCl4-xC 

1.03 

0.01 

0.99 

from  0  to  4;  H3SiCl 

is  missing 

from  the 

series . 

b.  L  =  H,  CH3,  F. 

c.  Y  =  H,  CH3. 


Correlation  factor  of  the  fit. 
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Silicon  series  two  different  lines,  one  with  a  positive 
slope  for  the  (CH3 ) xSiCl4_x  sub-series  and  another  with 
negative  slope  for  the  HxSiCl4_x  sub-series  were 
obtained.  The  parameters  of  the  least  squares  fit 

relative  to  the  TPM  results  with  d  orbitals  included  in 
the  CNDO/2  basis  set  are  given  in  Table  III-8.  The 
drastic  change  obtained  for  the  Silicon  series  and  shown 
in  Figure  III-10  could  be  due  to  an  improper 
parameterization  for  the  Silicon  d  orbitals. 

Returning  to  the  question  of  possible  d  orbital 
involvement  in  Silicon  compounds  that  might  have  been 
shown  by  this  experiment,  it  can  be  concluded,  from  the 
fact  that  the  RPM  and  TPM  models  applied  to  the  chemical 
shifts  of  Carbon  and  Silicon  compounds  produced  similar 
results,  that  the  effects  which  determine  the  Chlorine 
energy  shifts  are  the  same  in  Silicon  and  Carbon  series 
and  there  is  no  evidence  of  "d  orbital  participation"  in 
Silicon  bonding. 

Using  equations  III-8,  III-17  and  III-18  it  is 
possible  to  estimate  the  magnitude  of  the  relaxation  and 
initial  state  potential  effects  directly  from  experimental 
results  and  compare  them  with  the  corresponding  values 
obtained  from  CNDO  calculations  according  to  equations 
III-7  and  III-9.  The  results  are  reported  in  Tables  III-9 
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Table  III-8.  Parameters  from  Least-Squares  Fit  of  Data  in 

Figures  III-9  and  III-10  (TPM) 


Compound3 

Slope 

Intercept 

Corr . 

lxcc14-x 

1.48 

0.08 

0.94 

(CH3)xSiCl4.x 

0.31 

in 

o 

• 

o 

i 

0.95 

HxSiCl4_x 

-2.05 

CN 

O 

• 

o 

1 

0.99 

a.  x  =  0  to  4;  f^SiCl  is  missing  from  the  series. 

b.  Correlation  factor  of  the  fit. 
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Table  III-9.  Relaxation  Energies  and  Initial  State 

Potentials  Derived  from  Experimental  Shifts 
and  CNDO  Potentials,  Relative  to  CCI4  ( AR  = 

Rcompd“RCCl4 '  “  vcompd“vCCl4 ^ 


Compound 

^Rexp 

(eV) 

AR ( CNDO ) 

(eV) 

AVexp 

(eV) 

AV ( CNDO ) 

(eV) 

CC14 

0.0 

0.0 

0.0 

0.0 

HCCI3 

-0.14 

-0.34 

0.28 

0.44 

h2cci2 

-0.45 

-0.73 

0.78 

1.04 

H3CC1 

-0.89 

-1.23 

1.68 

1.81 

CH3CC13 

-0.09 

-0.18 

0.58 

0.85 

(ch3)2cci2 

-0.18 

-0.31 

1.12 

1.86 

(ch3)3cci 

-0.28 

-0.50 

1.90 

2.82 

FCC13 

1 

0 

• 

K) 

K) 

00 

vO 

• 

0 

1 

0.08 

-0.16 

f2cci2 

-0.34 

-0.45 

-0.25 

0.12 

F-jCCI 

-0.73 

-0.93 

-0.01 

0.11 
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and  III-10.  There  are  discrepancies  between  the 
experimental  and  the  calculated  values.  However,  except 
for  the  Fluorine  derivatives,  the  trend  in  both  series  is 


reproduced . 

In 

agreement  with 

other  studies, ^ 

the 

relaxation 

within 

the 

series  of 

compounds 

HxCC14_x 

and 

HxSiCl4_x 

shows 

the 

effect  of 

replacing 

Chlorine 

by 

Hydrogen.  The  high  polarizability  of  Chlorine  as  compared 
to  Hydrogen  results  in  a  decrease  in  relaxation  energy 
from  CCI4  to  CH^Cl  which  is  regular  through  the  series. 
Chlorine  is  more  electronegative  than  Hydrogen,  and  so  the 
negative  electrostatic  potential  at  the  Chlorine  nucleus 
of  interest  increases  in  the  HxCCl4_x  series  from  CCI4  to 
CH^ci.  The  effect  of  replacing  Chlorine  with  Fluorine  is 
shown  by  the  series  FXCC14_X.  The  relaxation  energies 
decrease  with  replacement  of  Chlorine  by  the  less 
polarizable  Fluorine.  There  is,  however,  no  definite 
trend  for  AV,  thus,  as  the  small  values  observed  for  FCCI3 
and  F3CCI  suggest,  exchanging  Fluorine  for  Chlorine  does 
not  have  an  appreciable  effect  on  the  potential  term.  A 
similar  result  has  been  found  by  Smith  and  Thomas  for  a 
series  of  Halogenated  Carboxylic  acids  (CH2XCOOH) 
substituted  by  Chlorine,  Bromine  and  Fluorine. 
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Table  III-10.  Relaxation  Energies  and  Initial  State 

Potentials  Derived  from  Experimental  Shifts 
and  CNDO  Potentials,  Relative  to  SiCl^  ( AR  = 

Rcomp~RSiCl4 '  ~  vcompd-vSiCl4 ^ 


Compound 

ARexp 

(eV) 

AR ( CNDO ) 

(eV) 

^vexp 

(eV) 

AV ( CNDO ) 

(eV) 

SiCl4 

0.0 

0.0 

0.0 

0.0 

HSiCl3 

-0.15 

-0.11 

0.39 

0.39 

H2SiCl2 

-0.24 

in 

CM 

• 

o 

i 

0.64 

0.91 

CH3SiCl3 

-0.12 

-0.02 

0.79 

0.71 

(CH3 )2SiCl2 

CN 

• 

o 

1 

-0.06 

1 . 52 

1 . 33 

(CH-,  )  oSiCl 

-0.15 

I 

o 

• 

o 

00 

1.73 

1.81 
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CNDO  calculations  reveal  also  that  the  aV  term  for 
these  compounds  is  small.  The  series  (CH3)xccl4-x  and 
(CH3 )  xSiCl4_x  show  that  re£->lacing  Chlorine  by  CH3  yields  a 
slight  decrease  in  the  relaxation  energy.  The  positive  aV 
terms  indicate  that  the  electrostatic  potential  on 
Chlorine  increases  on  replacing  the  electron  acceptor 
Chlorine  by  the  electron  donor  Methyl. 

A  direct  comparison  between  the  behavior  of  Silicon 
and  Carbon  compounds  is  provided  by  the  relaxation  energy 
shifts  and  the  potential  energy  shifts  for  each  Silicon 
compound  relative  to  the  corresponding  Carbon  compound. 
The  results  are  given  in  Table  III-ll.  The  negative  sign 
of  the  relaxation  energy  shifts  means  that  the  relaxation 
energy  decreases  upon  replacement  of  the  Carbon  atom  by 
the  Silicon  atom  without  other  alterations  to  the 
molecule.  The  positive  potential  terms  are  in  agreement 
with  the  more  electropositive  nature  of  Silicon  relative 
to  Carbon.  Silicon  tends  to  donate  more  negative  charge 
to  Chlorine  increasing  the  potential  at  the  Cl  nucleus. 

Auger  energy  shifts  can  be  estimated  from  equation 
III-17  using  AV  and  AR  terms  obtained  from  potential 
differences  given  by  CNDO/2  calculations.  The  results  are 
listed  in  the  second  column  of  Tables  III-12  and  III-13 


for  Carbon  and  Silicon  compounds  respectively. 


The 
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Table  III-ll.  Relaxation  Energy  Shifts  and  Initial 

Potential  Shifts  Derived  from  Experimental 
Shifts  and  CNDO  Potentials 


<AR  ‘  RLxsicl4-x_RLxccl4-x' 


a 

> 

II 

> 

< 

xSiCl4_x-VL 

xCCl4_x;  L 

=  H,  CH3) 

Compound 

ARexp 

(eV) 

AR(CNDO) 

(eV) 

^Vexp 

(eV) 

AV (CNDO ) 

(eV) 

SiCl4 

-0.51 

i— i 

r- 

. 

o 

i 

0.76 

0.80 

HSiCl3 

rH 

in 

• 

o 

1 

00 

• 

o 

1 

0.87 

0.75 

H2SiCl2 

-0.30 

-0.23 

0.62 

0.67 

CH3SiCl3 

i 

o 

• 

-0.55 

0.97 

0.66 

(CH3)2SiCl2 

-0.56 

-0.37 

1.15 

0.08 

(CH3 ) 3SiCl 

-0.38 

fN 

• 

O 

1 

0.58 

o 

CN 

• 

o 

1 
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Table  III-12. 


Auger  Energy  Shifts  AEC1  ^  ^  ^ 
Calculated  According  to  Equations 

(CNDO)  and  III-22  (Semiempirical ) 

Experimental  Auger  Energy  Shifts, 


(x»2) 

III-17 

and 

Relative 


to  CCI4 


Compound  aEkll(CNDO)  aEkll ( semiemp )  AEKLL(exp) 


(eV)  (eV)  (eV) 


CC14 

0.0 

0.0 

0.0 

HCC13 

-0.58 

-0.18 

-0.16 

h2CC12 

-1 . 15 

-0.59 

-0.57 

H3CCI 

-1.88 

-1.20 

-1.00 

(ch3 )cci3 

0.31 

0.49 

0 . 30 

(CH3 )2CC12 

0.93 

1.19 

0.57 

(CH3 )3CC1 

1.32 

1.76 

1.06 

FCC13 

-2.20 

-1.28 

-0.58 

f2cc12 

-1.23 

-1.01 

-1 . 28 

F3CCI 

-2.68 

-2.28 

-2.20 

v'v. 


-S. 
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Table  III-13. 


Auger  Energy  Shifts  AEC1  KL2  ^  3L2 ( 3 '  °2 ’ 
Calculated  According  to  Equations  III-17 

( CNDO )  and  III-22  (Semiempirical )  and 

Experimental  Auger  Shifts  Relative  to  SiCl4) 


Compound 

aekll(cnd°) 

(eV) 

AEkll ( semiemp ) 

(eV) 

AEKLL(exP> 

(eV) 

SiCl4 

0.0 

0.0 

0.0 

HSiCl3 

0.06 

0.02 

-0.06 

H2SiCl2 

0.16 

0.18 

00 

0 

• 

0 

1 

CH3SiCl3 

0.65 

0.45 

0.42 

(CH3)2SiCl2 

1.15 

0.79 

0.80 

(CH3)3SiCl 

1 . 57 

1.43 

1.27 

, '  •'  I 
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experimental  Auger  energy  shifts  are  given  in  the  fourth 


column  of 

the  same  tables. 

As 

shown 

in 

the  tables, 

differences 

exist  between  the 

two 

sets 

of 

values.  In 

equation  III-17  the  Auger  energy  shift  is  expressed  as  a 
function  of  a  potential  term  AV(Y)  and  a  relaxation  term 
AR(Y)  associated  with  the  formation  of  a  single  core  hole 
in  the  level  Y.  Equation  III-13  represents  the  Relaxation 
Potential  Model  for  the  Auger  shifts  and  can  not  be  used 
for  Chlorine  because  of  the  limitations  of  the  CNDO 
parameterization.  If  equation  III-17  is  subtracted  from 
equation  III-13  and  AR  is  expressed  as  in  equation  III-9, 
equation  III-20  is  obtained. 

AEAu(eq.  III-13)  -  AEAu(eq.  III-17)  = 

|[AVn(Z  +  2)-AVn(Z  +  l  )]  -  -|[AV(Z  +  1)-AV(Z)]  = 

=  AR*  -  AR  II I -20 

The  second  term  in  brackets  is  AR  which  represents  the 
relaxation  energy  shift  associated  with  the  formation  of  a 
single  core  hole.  The  first  term  in  brackets,  which  is 
indicated  as  AR*,  represents  the  relaxation  energy  shift 
associated  with  the  formation  of  a  double  core  hole  from  a 


. 
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single  core  hole.  The  validity  of  expression  III-17  is 
based  on  the  assumption  that  the  change  in  potential  is 
related  linearly  to  the  core  charge  and  therefore 

o  7 

AR=AR*.  This  does  not  seem  to  be  always  true.  Adams 
showed  that  the  correlation  between  the  relaxation  term 
AR,  obtained  from  ab  initio  LCAO  SCF  MO  calculations,  and 
the  experimental  Auger  parameter  Aa»  defined  in  equation 
III-19,  improves  if  in  equation  III-18  the  relaxation 
energy  associated  with  the  formation  of  the  double  core 
hole,  AR*,  is  considered  instead  of  AR  yielding 

aEAu  +  aEB  =  2aR*  III-21 

Combining  equations  III-8  and  III-21  the  following 

equation  is  obtained 

aEAu  =  AV  +  AR  +  2 AR*  III-22 

It  was  not  possible  to  compute  potentials  for  the  nuclear 
charge  of  Z+2,  therefore  AR*  was  obtained  from  the 
experimental  energy  shifts  according  to  equation  III-21 
and  values  of  AV  and  AR  were  obtained  from  CNDO/2 
calculations.  In  order  to  distinctively  label  these  new 
calculations,  the  attribution  "semiempirical "  has  been 
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attached  to  these  values.  The  results  are  shown  in  the 
third  column  of  Tables  III-12  and  III-13.  In  both  series 
of  compounds,  a  better  agreement  between  experimental 
shifts  and  calculated  shifts  results  from  this 
correction.  The  discrepancies  for  the  HxSiCl4_x  may  be 
due  to  the  very  small  experimental  shifts  which  confer 
larger  proportionate  experimental  errors.  The  smaller 
Auger  shifts  for  these  compounds  as  compared  to  the 
HxCCl4_x  (Tables  III-3  and  III-4)  seem  to  be  the  only 
appreciable  difference  between  Carbon  and  Silicon 
derivatives.  However,  if  the  small  relaxation  for  Silicon 
compounds,  which  determines  the  magnitude  of  the  Auger 
shifts,  was  due  to  a  participation  of  the  d  orbitals  of 
Silicon  in  a  (p+d)-rc  bonding  with  the  Chlorine,  this  would 
increase  from  SiCl4  to  ^SiC^  and  would  have  decreased 
the  capability  of  the  Chlorine  and  Silicon  charge  to 
relax.  The  calculated  values  of  AR  should  therefore  have 
been  less  negative  than  the  experimental  ones  because  the 


model  that 

was 

used  cannot 

accommodate 

this  effect. 

On 

the  other 

hand. 

considering 

the 

way 

AR 

is  calculated. 

as 

difference 

of 

potential  terms. 

it 

is 

possible  that 

a 

fortuitus  cancellation  of  errors  arose  to  yield  relaxation 
terms  comparable  with  the  experimental  ones. 


■ 


' 
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E .  Conclusion 

The  application  of  the  Relaxation  Potential  Model  and 
Transition  Potential  Model  to  the  Cl  2p  chemical  shifts  in 
substituted  Chloromethanes  and  Chlorosilanes  gives  better 
results  than  the  ground  state  GPM  scheme.  The  inclusion 
of  d  orbitals  in  the  CNDO  calculations  did  not  alter  the 
correlation  in  the  Methane  series  but  the  correlation 
between  calculated  predictions  and  experimental  results 
for  the  Silane  series  was  poorer,  probably  due  to  an 
inadequate  parameterization  for  the  d  orbitals.  No 
evidence  of  d  orbital  participation  in  Silicon  bonding  is 
shown  from  these  results.  The  relaxation  of  the  molecule 
accompanying  the  photoionization  is  different  from  the 
relaxation  accompanying  the  Auger  process,  and  depending 
on  the  kind  of  substituents  in  the  compound,  the 
relaxation  affects  differently  the  photoelectron  and  Auger 
electron  energies.  A  better  estimation  of  the  Auger 
shifts  is  obtained  if  the  relaxation  associated  with  the 
formation  of  a  double  core  hole  from  a  single  core  hole  is 
considered  instead  of  the  relaxation  associated  with  the 
formation  of  a  single  core  hole  from  the  ground  state. 


CHAPTER  IV 


GERMANIUM  L2  # 3M4  ,  5M4  ,  5 


AND  L 


2  3m2  3^4  5 


AUGER  SPECTRA 


OF  GERMANIUM  COMPOUNDS 


A.  Introduction 

To  analyze  the  influence  of  the  chemical  environment 
on  inner  shell  Auger  spectra,  Ge  L2  3M2  2M4  5  and 
L2  3m4  5m4  5  spectra  have  been  measured  in  a  variety  of 
Germanium  compounds.  In  this  case  the  Auger  process  is 
referred  to  as  inner  shell  because  it  involves  only  core 
electrons;  the  valence  electrons  are  not  specifically 
involved  in  the  transitions.  For  Germanium  and  the  other 
elements  of  the  third  period,  the  ionization  probability 
of  the  L  levels  by  A1  Ka^  2  or  Mg  Ka3  2  X-ray  is  high.7b 
Ionization  of  L2  and  L3  levels  leads  predominantly  to  LMM 

•7*i_ 

rather  than  LMN  or  LNN  Auger  spectra. /D  Ionization  of  the 
L-l  level  by  A1  Ka^  2  x“raYs  is  only  between  15%  to  40%  as 
probable  as  L2  3  ionization  and  furthermore  this  vacancy 

leads  predominantly  to  L^L2  3M  Coster-Kronig  Auger 

7  .  .  .... 

transitions.  In  addition,  transitions  involving  the  M-j_ 

level  are  usually  very  weak  so  the  L2,3MlM2,3  an<^  t*ie 
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L2,3M1M4,5  "transitions  play  a  minor  role  in  the  LMM  Auger 
spectra, ^9  in  agreement  with  a  small  transition 
probability  value  (see  equation  1-12).  As  a  result  Ge 
Auger  spectra  are  dominated  by  the  L23M  spectra  where  the 
M  components  of  high  angular  momentum  dominate. 

Most  peaks  of  the  LMM  Auger  spectra  are  broad  and  do 
not  show  much  structure  because  of  the  large  number  of 
final  states  with  different  terms  and  energies.  The  term 
splittings  are  small,  only  a  few  electron  volts,  and  are 
comparable  to  the  lifetime  broadening  of  the  Auger 
transitions.  As  it  will  be  seen  for  the  Germanium  case, 
the  1.2  3M4  5M4  5  term  splittings  are  more  easily 
resolvable  than  the  L2  3M2  3M4  5  term  splittings. 

In  this  work  the  experimental  energies  and 
intensities  of  the  Auger  spectra  are  compared  with  the 
theoretical  calculations. 

Atomic  Germanium  has  an  open  shell  ground  state 
electronic  configuration  (3d1(^4s^4p^)  so  that  coupling  of 
the  4p  electrons  with  the  final  state  holes  in  the  3d  or 

3p  shell  resulting  from  the  L2 , 3M4 , 5M4 , 5  and  L2,3M2,3M4,5 
Auger  transitions  gives  rise  to  additional  energy  level 
splittings.  However,  the  molecules  provide  a  closed  shell 
configuration  with  filled  molecular  orbitals.  The  total 
coupling  between  final  state  holes  of  the  Auger  process 
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and  valence  orbitals  is  therefore  zero.  This  greatly 
simplifies  the  analysis  of  the  spectra.  Calculations  were 
based  on  the  intermediate  coupling  (IC)  and  Russell- 
Saunders  (LS)  coupling  schemes.  Relaxation  contributions 
were  evaluated  from  Auger  and  core  level  measurements. 

B .  Experimental 

The  L2  3M2  3M4  3  and  L2  3M4  3M4  3  Auger  spectra  of 
Germanium  in  gaseous  Get^,  66(083)4,  66^283)4,  GeC^, 

GeF4,  and  solid  GeC>2  were  measured.  GeC>2  and  GeCl4  were 
obtained  from  Aldrich  Chemical  Company;  Ge84  from 

Matheson;  GeF4  from  Ozark  Mahoning,  66(083)4  and  66(0283)4 
from  Alfa  Inorganics.  A1  radiation  (1486.6  eV ) 

was  used  to  excite  the  Auger  spectra.  The  spectra  were 
calibrated  with  Ar  ^P2/2  ph°toelectron  line  (248.62(8) 
binding  energy  )2~*  and  Ne  KL2 , 3L2 , 3  (^D2  )  Auger  line 
(804.557(17)  eV  kinetic  energy)2^.  The  Ge  2 P1/2 •  Ge  ^P3/2 
photoelectron  lines  were  excited  by  Ag  La^  radiation  with 
energy  of  2984.34(2)  eV22  and  calibrated  by  comparison 
with  the  Kr  L2M4  3M4  3  Auger  line  (1513.73(10)  eV  kinetic 
energy  see  Chapter  II)  and  Ne  Is  photoelectron  line 
(870.312(17)  eV  binding  energy).2^  The  Ge  3d,  Ge  3p 
photoelectron  lines  were  also  obtained  with  A1  Kct^ ;  2 
radiation  and  were  calibrated  with  respect  to  Ne  2s  (48.42 


. 


.. 
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2  5 

eV  binding  energy)  photoelectron  line  and  Ne 

KL2#3l<2  3(^2)  Auger  lines.  For  solid  GeC>2/  the  Auger 
spectra  and  the  photoelectron  lines  were  calibrated  with 
respect  to  the  Fermi  level  using  Au  4f 7 j 2  photopeak 
(83.8(2)  eV  binding  energy )^  originating  from  a  small 
spot  evaporated  onto  the  surface  of  the  sample. 

C .  Theory 

To  obtain  a  theoretical  estimate  of  the  energies  in  a 

group  of  Auger  diagram  lines  the  scheme  proposed  by 
50 

Shirley  can  be  used.  Accordingly  the  energy  of  LMM 

Auger  electron  transitions  can  be  written  as 

E(LaMbMc;  X)  =  E(La)  -  E(Mb)-E(Mc)  -  F(MbMc;  X)  +  RsT(MbMc) 

IV-1 

E(La),  E(Mb),  E(MC)  are  the  experimental  core  level 
binding  energies  which  are  determined  by  XPS.  F(MbMc;  X) 
and  RsT(MbMc)  are  the  coulombic  interaction  energy  and  the 
static  relaxation  energy  respectively  which  have  already 
been  described  in  Chapter  I.  Combining  the  core  electron 
binding  energies  and  the  Auger  energies,  the  following 


relation  is  obtained 
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E(La)-E(Mb)-E(Mc)-E(LaMbMc?  X)  =  F(MbMc  ?  X)-RgT(MbMc)  IV- 2 

The  expression  on  the  left  side  of  equation  IV-2  which  is 

composed  of  only  experimentally  determined  quantities  is 

.  5 1 

the  Auger  parameter  £  as  defined  by  Lang  and  Williams: 

l  =  E(La)-E(Mb)-E(Mc)-E(LaMbMc;  X)  IV-3 


From  equations 

IV-2 

and 

IV-3 

it  follows  that 

the  Auger 

parameter  is 

equal 

to 

the 

coulombic  term 

minus  the 

relaxation  term. 


I  =  F(MbMc;  X)  -  RsT(MbMc)  IV-4 
and  if  the  term  F(MbMcr  X)  can  be  estimated,  equation  IV-4 
allows  the  determination  of  RgT(MbMc). 

The  value  of  the  coulombic  interaction  energy  depends 

*1  O 

on  the  coupling  scheme  employed.  °  In  pure  LS  coupling 
the  d“^  hole  state  configuration  corresponding  to  the 
final  state  of  the  L2  3M4,5M4,5  Auger  process  gives  rise 
to  5  levels:  ,  ^-G,  ^P,  ^D,  ^F.  The  p”^d“l  hole  state 
configuration  corresponding  to  the  L2  3M2  3M4#5  process 
gives  rise  to  6  levels:  ^P,  ^P,  •'■D,  ,  ^F,  ^F.  In 
Intermediate  Coupling  the  levels  arising  from  the 
configuration  d“^  are  split  according  to  the  J  value. 


n  f  I 


, 
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yielding  9  states.  The  six  levels  arising  from  the 
configuration  p-1d-1  are  split  into  12  states.  The 
general  expressions  for  F(MbMc;  X)  are  given  in  ref.  52  in 

C  Q 

terms  of  Slater's  integrals.  The  energies  of  each  final 
state  belonging  to  the  d  46  configuration  are,  in  LS 
coupling : 


e(1g4)  = 
e(3f432) 

E(1Sq)  = 

e(3p2i0) 

e(xd2)  = 


2Em  +F°(3d3d)  +  |5F2(3d3d)  -  ?irF4(3d3d) 

=  2Em  +F°(3d3d)  -  |^F2(3d3d)  -  |gF4(3d3d) 

2Em  +F°(3d3d)  +  &2(3d3d)  -  &4(3d3d) 
u4 , 5  '  ' 

=  2Em  +F°(3d3d)  +  ^F2(3d3d)  "  ^rF4(3d3d) 
m4,5  7  21 

2Em  +F° ( 3d3d)  -  |^F2(3d3d)  +  |^F4(3d3d) 


IV-5 


Because  of  the  quite  large  spin-orbit  splitting  in  the 
initial  state  (2Pi/2”3P3/2”2<3  eV)^4  and  the  small  spin- 


orbit  splitting  in  the 

final  state  ( 3d3/2”2<35/2 

.7  eV)54, 

the  mixed 

coupling 

C  C  Cf. 

scheme  '  was  used 

for 

the 

calculation 

of  the 

relative  intensities  of 

the 

line 

components . 

This  scheme  applies  jj  coupling 

for 

the 

initial  state  and  intermediate  coupling  or  LS  coupling  for 


? 


% 


•* 
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the  final  state.  For  intermediate  coupling,  the  spin- 
orbit  interaction  matrices  of  Condon  and  Shortley  were 
used.  The  numerical  value  of  the  3d  spin-orbit  parameter 
was  obtained  from  the  theoretical  calculations  of  Huang  et 
al.57  The  relaxation  term  RgT(M^Mc),  as  described  in  the 
general  introduction  (Chapter  I),  is  the  total  static 
relaxation  term  which  is  the  amount  by  which  the  binding 
energy  of  the  second  electron  in  the  Auger  final  state  is 
reduced  by  the  relaxation  of  the  passive  orbitals  toward 
the  hole  left  by  the  removal  of  the  first  electron.  This 
"static  relaxation"  is  different  from  the  so-called 
"dynamic  relaxation"  that  is  associated  with  the 
ionization  of  the  electrons  L2  3  and  M4  5  (or  L2  3  and 
M2  3)  in  the  analysis  of  the  Auger  process  energies  using 
the  formation  energy  of  the  initial  hole  state  (step  (a) 
of  equation  IV-6)  and  step  (b)  of  equation  IV-6,  an 
experimental  measure  of  the  formation  of  one  of  the  holes 
created  in  the  Auger  process, 


(a) 

L2 , 3 

*  L2,3 

+ 

e“ 

(b) 

m4,5 

in 

W 

+ 

e- 

IV-6 

(c) 

m4,5 

*  <5 

+ 

e~ 

and  which  is  accounted  for  by  the  use  of  empirical  binding 

m 

energies.  The  static  relaxation  energy  Fg  ,  which  arises 
in  step  (c)  of  equation  IV-6  is  usually  split  into  two 


terms : 


•  -  ;•  !,. 
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rST<m4,5m4,5>  =  V*'m4,5m4,5>  +  RSea  ‘M4,  5M4 , 5  >  IV-7 

Rsa(M4  51^4^5)  is  the  static  relaxation  of  a  free  atom  and 
Rsea (M4 , 5M4 ' 5 )  is  the  extraatomic  relaxation  energy  that 
arises  from  electronic  relaxation  in  the  surrounding.  The 
atomic  term  is  set  equal  to  twice  the  dynamic  relaxation 
which  accompanies  photoemission , ^ 

Rsa<M4,5M4,5>  =  2rD<m4,5>  IV-8 

This  dynamic  term  can  be  calculated  from  the  optimized 
Hartree-Fock-Slater  results  of  Rosen  and  Lindgren^,  from 

RD  =  eHF  “  eASCF  iv~9 

where  e^p  is  the  orbital  eigenvalue  in  the  Hartree-Fock 
scheme  and  eASCF  t*ie  difference  in  total  energy  of 

separate  field  calculations  for  the  neutral  atom  and 
appropriate  ion.  Unfortunately,  calculations  have  not 
been  done  for  Germanium,  however  it  is  possible,  with 
reasonable  accuracy,  to  apply  the  binding  energy  calcu¬ 
lations  for  Krypton,  which  gave  Rp^M4,5^Kr  =  ®.9  eV  * 

Applying  IV-8,  gives  therefore  Rpa(M4  5M4  5)^  = 


17.8  eV. 


. 


' 
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The  corresponding  quantity  for  Germanium  was  estimated  by 
subtracting  from  Rsa(M^  5M4  5)^  the  contribution  to  the 
atomic  relaxation  arising  from  the  four  extra  4p  electrons 
of  Krypton.  This  last  quantity  may  be  calculated  using  a 
combination  of  Slater's  integrals, 33  the  equivalent  cores 
approximation3^ •  31  and  Mann's  tables. 33  Therefore  from 
the  appropriate  terms  for  Krypton  the  corresponding  terms 
for  Bromine  were  subtracted 


AR4p  =[F° ( 3d4p )  -  G1 ( 3d4p )  -  ^  G3(3d4p)]Kr 


[F° ( 3d4p )  -  G1 ( 3d4p)  -  G3(3d4p)]Br 


IV- 10 


•  •  V 

The  coefficients  of  the  G  integrals  were  obtained  from 
standard  multiplet  theory.33  The  Slater  integrals  F^  and 
G^  do  not  vary  linearly  with  the  atomic  number  so  the 
equivalent  cores  approximation  produced  different  values 
for  the  relaxation  contribution  of  the  4p  electrons  when 
calculated  for  Br,  Se,  As,  Ge;  AR4p(Br)  =  1.22  eV, 
AR4p(Se)  =  1.28  eV,  AR4p(As)  =  1.36  eV,  AR4p(Ge)  =  1.50 
eV.  The  average  of  the  four  was  taken,  multiplied  by  4 

and  subtracted  from  Rga ^M4 , 5M4 , 5 ^Kr  9ivin9  Rga (M4 , 5M4 , 5 ^Ge 
=  12.5  eV.  The  atomic  relaxation  calculated  as  described 
can  be  expressed  as  the  sum  of  separate  relaxation 


contributions  from  the  various  shells 


' 


‘ 
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(M4,5M4,5> 


Rinner(K  and  L)  +  Rintra(M)  +  Router(N) 

IV-11 


The  inner-shell  term  has  been  found  by  Hedin  and 
29 

Johansson,  via  the  AEgCR  method,  to  be  negligibly  small 
compared  to  the  intra  and  outer  shell  terms.  As  indicated 
in  Chapter  III,  the  relaxation  energy  is  given  by  a 
combination  of  Coulomb  and  exchange  integrals  representing 
the  electron  interaction  energy  (equation  III-2). 
Slater  has  given  the  expression  for  the  interaction 
energies  between  electrons  of  angular  momenta  l  and  £ ' . 

.  O  Q 

Shirley  obtained,  on  summing  over  the  outer  shells  and 
using  the  "equivalent  cores"  approach,  the  following 
expression  for  the  outer  shell  relaxation; 


<rU | VR| n ' l ' > 


£ 

l ' 


t£^{fn*')AlF°(ru.n'*')] 


IV- 12 


A  £  gk[  (JU  '  )Gk(n£,  m'  )  ]  } 
k 


where 


AF^nj^n’  i'  )  =  F°  (  njl ,  n  '  Z  '  ;  Z+l )  -  F^n^n1*’;  Z) 

IV-13a 


and 
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AGk(n£,n'  l'  )  =  Gk  ( n  l ,  n  '  X  '  ;  Z+l )  -  Gk  ( n  l,  n  '  X  '  ;  Z) 

IV-13b 


N(n'A')  is  the  occupation  number  of  the  n'A*  subshell  in 
the  parent  atom.  The  factors  f(AA')  and  gk(JUl')  were 
obtained  from  Slater's  results^  and  they  are  listed  by 
Shirley.  ^  They  apply  rigorously  to  closed  outer  shells, 
but  it  has  been  observed  that  only  small  errors  arise  if 
they  are  used  for  open  shell  atomic  configurations.  For 
Germanium,  the  outer  shells  are  4s  and  4p  with  population 
of  2  each,  and  the  expressions  used  in  the  equivalent 
cores  approximation  were: 


AF°  (  3d4!  1  )  =  F°  (  3d4  jl 1  ;  As)  -  F°(3d4A';  Ge  )  IV-14(a) 

AGk(3d4X')  =  Gk(3d4X';  As)  -  Gk(3d4A';  Ge)  IV-14(b) 


Equation  IV-12  becomes 


Router(3d3d)  =  |[6AF°(3d4p)  -  -|AG1(3d4p)] 


2  AF°  (  3d4s  )  +  ^-AG2(3d4s) 


•|^AG2(3d4p)  + 
IV- 15 


Evaluation  of  IV-15  with  F^  and  Gk  integrals  from  Mann's 
tables^2  yielded  Router ( 3d3d ) Ge  =  5.6  eV.  Subtracting 


*’  f|n*tl  D  rlzLv  fcl-tVI  So  rtpiJ  GC#If>v5l 
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this  value  from  the  total  atomic  relaxation  calculated 

above,  yielded  R^ntra ( 3d3d ) Ge  =  6.9  eV. 

The  values  which  have  been  obtained  for  Rlntra  an£ 
R°uter  are  only  an  approximate  estimate  but  they  are 

useful  in  providing  insight  into  the  magnitude  of  the 

orbital  contributions  to  the  total  atomic  relaxation. 
Differently  from  the  inner  core  electron  case,  for  which 
the  outer  shell  relaxation  is  by  far  the  largest 
contribution  to  the  relaxation,  in  the  case  of  a  3d 

electron  in  Germanium,  the  intra  shell  relaxation  seems  to 
be  the  largest  term. 

The  calculation  for  the  extraatomic  relaxation 
(equation  IV-7 )  is  more  difficult  being  very  sensitive  to 
the  chemical  environment  in  the  molecule.  A  crude 
estimate,  giving  the  order  of  magnitude,  can  be  obtained 
on  the  basis  of  a  model^'^1  postulated  for  metals.  The 
model  assumes  that  the  extra  unit  of  positive  charge 
induced  on  one  atom  in  the  molecule  by  the  appearance  of  a 
hole  in  the  filled  3d  orbital  is  screened  by  the  outermost 
electrons  in  such  a  way  that  the  outgoing  Auger  electron 
sees  less  of  the  positive  charge  and  leaves  with  an 
increased  kinetic  energy.  In  the  limit  of  completely 
local  screening,  the  screening  charge  coming  from  outside 
the  atom  occupies  the  first  unfilled  atomic  orbital.  The 


I  A  -  iJ 

■ 
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extraatomic  relaxation,  Rgea(M4  5M4  g),  is  then  given  by 

the  two-electron  interaction  between  this  unfilled 

orbital,  which  is  a  4p,  and  the  3d  orbital  expressed  as  a 

5  2 

combination  of  Slater's  integrals 

Rsea(3d3d)  =  F°(3d4p)  -  ygG1(3d4p)  -  |oG3(3d4p) 

IV-16 

■  •  0  v 

Using  the  appropriate  values  for  F  and  G  integrals, 

equation  IV-16  yielded  Rgea(3d3d)  =  11.2  eV.  The  total 

static  relaxation  for  Ge  metal  therefore  is  RgT(M^  5M4  5) 

=  23.64  eV.  Confirmation  of  the  approach  is  provided  by 

the  reasonable  agreement  of  our  estimate  with  the  value  of 

23.3  eV  found  by  Antonides  et  al .  for  Germanium  metal^3 

who  used  an  empirical  approach  to  evaluate  this  term. 

The  intensities  of  various  L2  3M4  5M4  5  lines  were 

calculated  in  the  mixed  coupling  scheme  with  jj  coupling 

in  the  initial  state  and  LS  coupling  in  the  final  state. 

The  transition  rates  for  LS  coupling  in  the  final  state 

were  obtained  from  the  transition  amplitudes  as  given  by 

H.  and  S.  Aksela  using  the  direct  and  exchange  matrix 

elements  D  and  E  defined  in  Chapter  I  by  equations  1-16 


and  1-17. 
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D.  Results  and  Discussion 


The  binding  energies  of  Ge  2p,3p,3d  photoelectrons, 
and  the  kinetic  energies  of  Ge  L2  3M4  5M4  5(^4)  and 
L2  3m2  3m4  Auger  electrons  are  given  in 
Table  IV-1.  For  comparison  purpose  the  Germanium  metal 
energies  from  ref.  62  are  included.  Spin-orbit  splittings 
are  the  same  for  each  of  the  compounds  within  the 
experimental  error.  The  spin-orbit  splittings  A2p 
obtained  from  the  difference  between  the  measured  Auger 

L2m4 , 5m4 , 5  ( 1<34 )  and  l3m4 , 5M4 , 5  (  ^G4 )  lines  agree  with  those 
obtained  directly  from  the  photoelectron  measurements. 
The  value  of  ~31  eV  (the  same  for  all  compounds)  agrees 
with  the  compilation  by  Sevier^  and  the  value  given  by 
Antonides  et  al.^“  for  Ge  metal.  The  splittings  obtained 
from  the  L2  3M2  3M4  5  spectra  are  less  reliable  because  of 
the  poorer  statistics  of  the  experimental  data.  The  Ge 

L2,3M4,5M4,5  and  L2,3M2,3M4,5  sPectra  of  six  compounds 
are  shown  in  Figures  IV-1  to  IV-12.  The  band  components 

obtained  by  curve  fitting  procedures^  are  shown  under  the 
experimental  envelope.  Due  to  the  limited  resolution  of 
the  spectra,  only  four  peaks  were  fitted  in  each  group  L^- 
L3M4  5M4  5.  For  the  fitting  procedure  a  Lorentzian  line 
shape  with  a  constant  tail  was  used.  A  Gaussian  line 
shape  gave  a  larger  least  squares  standard  deviation 


Table  IV-1 .  Germanium  Binding  Energies  (ev)  and  Auger  Energies  (eV)  for  Germanium  Compounds 
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indicating  a  poorer  fit  of  the  data.  The  efficacy  of 
Lorentzian  analysis  suggests  that  the  Auger  lineshapes  are 
dominated  by  the  natural  lineshape  characteristics  and 
that  the  spectrometer  contribution  is  minor.  In  order  to 
perform  a  comparable  fitting  for  all  spectra,  it  was 
assumed  that  the  line  width  of  the  diagram  lines  within 
the  same  final  state  configuration  was  constant.  For 
certain  cases  this  restriction  prevented  convergence  of 
the  programme  so  the  widths  were  unconstrained.  Table 
IV-2  lists  the  experimental  Auger  energies.  The  kinetic 
energies  of  the  L2  3M4  5M4  3  and  L2  3M2  3M4  3  diagram 
lines  relative  tO'*‘G4  and  (^F^P)  terms  respectively  are 
given  in  Table  IV-3.  These  data  show  a  good  overall 
agreement  between  the  relative  energies  of  the  Auger  lines 
of  all  compounds.  The  largest  deviations  are  observed  for 
the  L2  3M4  5M4  5(1Sq)  final  state.  The  experimental 
determination  for  this  term  may  contain  some  uncertainty 
because  of  the  presence  of  broad  satellite  peaks  in  this 
energy  region.  As  shown  in  Figures  IV-1  to  IV-12,  in  most 
of  the  spectra  there  is  also  a  high  background  on  the  low 
energy  side.  In  some  cases  it  was  attempted  to  fix  the 
slope  of  the  background  at  zero,  but  this  restriction 
created  fictitious  peaks.  Allowing  the  slope  to  be  a  free 
parameter  was  a  preferable  procedure.  Relatively  high 


123 


ID 

ID 

o 

o 

o 

ID 

O 

T— 

o 

1— 

T— 

O 

T— 

■ - 

N_^ 

_ _ 

W 

N - ' 

<— « 

T— 

id 

r* 

m 

LD 

ID 

00 

O' 

t— 

T— 

CO 

O 

r~~ 

ID 

— 

• 

. 

• 

. 

• 

% 

• 

<T> 

ID 

VO 

O' 

00 

LD 

&H 

ID 

ID 

ID 

r- 

CN 

CN 

a) 

r— 

t— 

i — 

r- 

r— 

r— 

r— 

o 

*” 

tn 

TS 

ID 

ID 

O 

o 

ID 

ID 

o 

c 

T— 

O 

r— 

r— 

r— 

O 

f— 

3 

. — 

— ■ 

— 

• — ^ 

0 

O' 

00 

O' 

*— 

ro 

T“ 

O' 

c 

a 

— 

X 

o 

r- 

00 

X 

CN 

g 

• 

. 

• 

. 

• 

. 

• 

0 

rH 

O' 

T~ 

CO 

ro 

X 

o 

u 

u 

ID 

ID 

vO 

VO 

CN 

CM 

ro 

0) 

T— 

r— 

*— 

T— 

r— 

T— 

T— 

g 

a 

r— 

t— 

r— 

f— 

f— 

r— 

•H 

C 

. — . 

^ , 

s 

L D 

ID 

o 

o 

ID 

LD 

o 

g 

T— 

O 

T— 

«— 

r- 

O 

t— 

P 

w 

— 

_ _ ■ 

— 

WC 

- - 

_ _ _ 

a) 

. — - 

CN 

o 

r- 

on 

VO 

1— 

a> 

o 

O' 

VO 

r- 

CD 

LD 

VO 

— ^ 

• 

. 

• 

. 

• 

. 

• 

p 

O 

t— 

X 

o 

0 

X 

ID 

VO 

vO 

VO 

CN 

CM 

ro 

MH 

0) 

r— 

T— 

t— 

*— 

*— 

T— 

T— 

o 

t— 

r— 

t— 

r— 

t— 

T- 

t— 

> 

<u 

— 

^ — . 

^ - *. 

O' 

ID 

in 

o 

o 

ID 

ID 

o 

t— 

o 

r— 

t— 

r— 

O 

r— 

w 

•^r 

- - ■ 

> — - 

wc 

— ' 

<1) 

r~. 

CO 

r— 

ro 

'O' 

CN 

CD 

ro 

•H 

CO 

o 

ID 

VO 

r- 

LD 

co 

Cr> 

X 

• 

. 

• 

. 

• 

. 

• 

p 

a 

CO 

CO 

r~ 

VO 

CM 

ro 

<D 

ID 

VO 

VO 

VO 

CN 

CD 

ro 

c 

OP 

t— 

1— 

r— 

r- 

r— 

t— 

r- 

w 

a 

r~~ 

T— 

p 

Q) 

O' 

«*~N 

X—v 

. — ^ 

. — ^ 

O' 

ID 

ID 

o 

o 

ID 

ID 

o 

T— 

O 

T— 

T— 

t— 

O 

< 

r-** 

' - 

■ — 

- - - 

- - 

> — ' 

LD 

LD 

CN 

00 

T— 

o 

ID 

X 

CO 

CT» 

ID 

t— 

CM 

• 

. 

• 

. 

• 

. 

• 

u 

o 

rr 

ID 

X 

CO 

X 

ID 

2 

VO 

VO 

VO 

VO 

CN 

CD 

ro 

CD 

a> 

r— 

i— 

T— 

r— 

r— 

r— 

r— 

u 

r— 

i — 

x — 

r— 

r— 

r— 

T— 

cn 

2 

CO 

X) 

, — . 

^ ^ 

^ — 

CM 

ID 

o 

o 

ID 

O' 

X 

T— 

* — 

r— 

T— 

r- 

f 0 

W<- 

> — 

- - 

' — ' 

T3 

r^ 

CO 

H- 

ID 

X 

C 

W 

CM 

VO 

0' 

VO 

ID 

m 

— 

• 

. 

. 

• 

. 

CM 

O' 

CM 

CN 

X 

ID 

o 

VO 

VO 

r- 

ro 

X 

b. 

a) 

r— 

T— 

T— 

r— 

i — 

o 

t— 

T— 

r- 

T— 

t — 

2 

ID 

•b 

<D 

-p 

2 

<0 

CN 

o 

co 

•P  w 

Q 

Q 

W  g 

r- 

r~ 

CN 

p 

tJ 

rH  d) 

CN 

■cT 

O 

to  E"1 

r— 

CO 

a) 

c 

o 

■*r 

o 

CN 

o 

c 

o 

•H 

CO 

O 

P4 

tP 

w 

o 

04 

U- 1 

m 

CO 

ro 

. 

CM 

c 

ID 

ID 

1 

0 

* 

> 

•H 

H 

2 

2 

■H 

ID 

LD 

Q> 

m 

rH 

c 

■^r 

rt 

X 

to 

2 

2 

(0 

p 

CM 

CO 

X 

PI 

TJ 

a) 

s 

c 

•H 


1142.47(10)  1137.61(10)  1136.67(10)  1133.78(10)  1133.05(10)  1128.50(10) 


124 


Tl 

<D 

P 

C 

•H 

4-> 

c 

o 

u 


CN 

I 

> 

H 

03 

i— I 

XI 

03 

E-t 


4J 

.. — - 

, — . 

s - > 

_ _ 

c 

o 

O 

CD 

CD 

O 

a) 

T— 

CN 

O 

O 

«— 

p 

- - 

- — 

w 

^ _ * 

* — 

a) 

- — ■ 

CP 

* - 

m 

CO 

CN 

xr 

o 

ip 

CP 

co 

CO 

CO 

CN 

x* 

m 

00 

4-4 

• 

• 

• 

• 

• 

• 

• 

•H 

xr 

r- 

CO 

CN 

in 

CN 

CN 

m 

T3 

Cm 

xr 

in 

CD 

t — 

CN 

CO 

CO 

a) 

o 

O 

O 

o 

o 

o 

o 

<D 

o 

* — 

T— 

r— 

T— 

I— 

r— 

T— 

0) 

P 

£ 

. - * 

. — - 

, - . 

^ — 

4-3 

o 

o 

o 

G 

o 

J— 

00 

T— 

r— 

xr 

P 

- — - 

— 

- _ ^ 

— 

v _ ' 

0 

CP 

04 

xr 

xr 

CP 

xr 

o 

4-4 

o 

CO 

00 

p' 

p' 

xr 

• 

• 

• 

• 

• 

• 

CO 

i — i 

CO 

P' 

\ — 

CD 

r- 

r— 

• 

0) 

u 

in 

CD 

i— 

CN 

co 

xr 

rH 

p 

<D 

o 

O 

o 

o 

O 

o 

<D 

rH 

O 

' - 

T— 

t— 

1 — 

r— 

r— 

> 

03 

0) 

> 

H 

, - . 

*— s 

. — ^ 

. - - 

03 

o 

o 

o 

o 

o 

•H 

tP 

*— 

xr 

I— 

»— 

\ — 

e 

03 

— 

— > 

— 

■ - 

— 

u 

P 

CD 

LTl 

r- 

CN 

p~ 

CO 

CO 

<v 

03 

CP 

r— 

xr 

CN 

T“ 

in 

CN 

CP 

Cm 

> 

- — ' 

• 

m 

• 

• 

• 

• 

• 

03 

xr 

CO 

00 

p~ 

p~ 

CO 

CN 

<D 

£ 

xr 

in 

CD 

T— 

CN 

CO 

xr 

£ 

03 

a) 

o 

o 

O 

o 

o 

o 

o 

4J 

£ 

U 

r— 

t — 

r— 

T— 

T— 

T— 

T— 

■P 

0 

4-> 

E 

-■ — 

r — . 

* - 

. - . 

- - - 

0 

CP 

o 

o 

O 

o 

o 

4J 

P 

— 

CN 

T— 

I— 

r- 

t— 

O 

4-4 

xr 

- _ ■ 

— 

— - 

'■ — 

<D 

xr 

o 

CD 

p~ 

c 

CP 

^ — 

04 

CO 

m 

CO 

in 

CD 

CO 

ro 

CD 

CD 

W 

C 

£ 

• 

• 

• 

• 

• 

• 

• 

a) 

0 

U 

p~ 

*— 

O 

t— 

O 

T— 

in 

p 

•H 

in 

ID 

r~ 

CN 

CO 

xr 

xr 

4-> 

0) 

o 

O 

o 

o 

O 

o 

o 

jp 

03 

a 

T — 

r— 

T~* 

T - 

r— 

\ — 

t — 

4J 

•r4 

•H 

> 

. — * 

03 

tp 

. — . 

^ — s 

£1 

o 

o 

o 

£i 

xr 

CN 

t— 

t— 

0) 

E 

*«— s 

- — ■ 

^ ^ 

' - * 

C 

p 

in 

r— 

CN 

CO 

f" 

•H 

E 

£ 

00 

in 

CN 

xr 

03 

•H 

CM 

• 

• 

• 

• 

4-> 

X 

a 

T— 

00 

r- 

CN 

£ 

03 

ID 

1 — 

CO 

xr 

0 

E 

<v 

O 

o 

o 

o 

o 

r— 

1 — 

T— 

r— 

a) 

03 

u 

£ 

ns 

■P 

- — - 

_ _ _ 

4-) 

o 

o 

o 

o 

CO 

C 

t— 

CN 

T— 

r— 

— 

03 

ns 

' — 

■ — ■ 

- - - 

— 

CN 

CO 

o 

p- 

CP 

r~ 

o 

03 

0) 

CN 

CD 

CP 

CD 

0) 

P 

• 

• 

• 

• 

a 

Oa 

CN 

00 

CD 

CD 

r» 

03 

o 

ID 

f* 

CO 

xr 

0 

P 

0) 

O 

O 

o 

o 

4-> 

O 

i— 

\ — 

* — 

* — 

CO 

q; 

4-3 

> 

0) 

03 

•H 

* 

4-> 

CN 

CN 

4J 

o 

ns 

T— 

xr 

*— 

03 

03 

4->  co 

o 

CO 

O 

xr 

rH 

P 

w  e 

o 

Cu 

CN 

£ 

CO 

<D 

X! 

p 

£ 

CO 

Cm 

C 

CO 

CN 

P 

rH  (D 

T— 

CO 

co 

£ 

CO 

Cm 

C 

• 

tC  E-I 

CN 

T— 

CN 

CO 

CO 

•H 

CO 

c 

CO 

*— 

CN 

CO 

r— 

CN 

0) 

4-> 

•H 

Cm 

Q 

D 

Em 

Q 

D 

•H 

CO 

C 

fc 

t— 

CO 

r— 

t — 

CO 

T“ 

tP 

03 

03 

P 

P 

E 

a; 

i — 1 

03 

c 

in 

in 

c 

03 

P 

o 

w 

03 

> 

P 

•H 

xr 

xr 

CO 

4-) 

2 

£ 

<D 

0) 

03 

•H 

ro 

CO 

£ 

£ 

03 

co 

«» 

Eh 

£ 

E 

c 

<N 

CN 

(0 

£ 

P 

CN 

CO 

• 

• 

El 

*P 

tJ 

c0 

£! 

125 


P 

o 

4-1 

(0 

p 

•P 

O 

0) 

a, 


CO 

o 

CM 

CN 

<J) 

o 

r* 

CN 

t— 

o 

ro 

ro 

r— 

o 

u 

fa 

• 

• 

• 

• 

• 

• 

• 

• 

a> 

a> 

V 0 

o 

T— 

VO 

o 

r— 

tp 

3 

< 

ID 

2£ 

ro 


r— 

o 

CN 

00 

o 

VD 

CN 

rH 

T— 

o 

t— 

00 

o 

o 

ro 

r— 

2 

a 

• 

• 

• 

• 

• 

• 

• 

• 

ro 

<u 

LO 

o 

T- 

ro 

m 

o 

t— 

CN 

tJ 

TJ 

C 

<0 

in 


— - 

00 

o 

r- 

ro 

m 

o 

CO 

CD 

o 

CN 

o 

o 

t— 

CN 

2 

52 

• 

• 

• 

• 

• 

• 

• 

• 

in 

a) 

in 

o 

r- 

in 

o 

T— 

s 

ro 

CN 

*3 

<d 


p 

a> 

i§ 

a,' 

> 


p 

Q) 

cu 

X 

w 


ro 

I 

> 


<D 

rH 

a 

(D 

E-i 


fC 

E 

P 

a> 

u 


Cp 


O 


O 


tP 


O 


ro 


(0 


(0 

C 

•rH 

fa 


P 

OJ 

Eh 


C 

o 

•H 

■P 

•rH 

10 

c 

m 

p 

E-i 


o 

52 

CO 

O 

CN 

ro 

o 

o 

o 

u 

O 

t— 

00 

o 

ro 

0) 

• 

• 

• 

• 

• 

• 

• 

• 

X 

a) 

in 

o 

T— 

m 

o 

r— 

•p 

o 

i 

i 

4h 

0 

CP 

»—» 

> 

p-~ 

<D 

in 

52 

CN 

ID 

o 

r- 

r- 

ro 

o 

Oi 

o 

CO 

U 

01 

o 

ro 

ro 

in 

o 

in 

t— 

<D 

•wP 

• 

• 

• 

• 

• 

• 

• 

• 

•pH 

<D 

ro 

o 

T— 

o 

T— 

tp 

O 

1 

i 

•H 

CO 

p~~ 

■P 

T) 

CO 

CO 

C2 

•— -p 

V£> 

o 

r— 

o 

CO 

rH 

3 

CN 

ro 

o 

ro 

Oi 

o 

00 

a; 

0 

o 

• 

• 

• 

• 

• 

• 

fa 

(fa 

a) 

in 

o 

ro 

m 

o 

ro 

E 

o 

i 

i 

rH 

0 

<0 

u 

•p 

a) 

c 

E 

p 

■  «  ■ 

0) 

3 

(0 

E 

•H 

•P  CO 

CN 

CN 

•H 

c 

c/2  E 

D 

D 

o 

w 


u 


CN 

T“* 

O 

Cu 

ro 


ro 

CN 

fa 


ro 


O 

W 


■O’ 

O 


CN 

o 

cu 


ro 


CO 

CN 

fa 

ro 


in 

s 

in 

* 

2 

CN 

|3 


in 

•» 

s 

in 

-tf 

2 

ro 

►3 


Continued 


126 


'V 

<D 

3 

C 

•H 

+j 

c 

o 

u 


oo 

I 

> 


<D 

rH 

43 

(C 

E-t 


Cp 


o 

o 

CN 

00 

■*r 

o 

o 

o 

T— 

oo 

pH 

• 

• 

• 

• 

• 

a) 

o 

CP 

o 

o 

CO 

a 


CP 


o 

CM 

o 

m 

t- 

rH 

o 

O' 

o 

00 

00 

u 

• 

• 

• 

• 

• 

<D 

o 

CP 

o 

o 

a 

r- 

CP 


o 

CM 

o 

ID 

V— 

rr 

o 

00 

o 

ID 

SC 

• 

• 

• 

• 

• 

a) 

o 

00 

o 

o 

LO 

o 

Cn 

oo 

S3 

U 

a; 

o 

CP 


in 

sc 

CM 

U 

a) 

u 


w 

CM 

o 

a) 

0 


a> 

4-> 

(0 

■P 

w 


w 

e 

p 

rH  d) 

(C  E-1 
e 

•H 


c 

o 

•H 

■p 

•rH 

in 

c 

(C 

p 


o 

o 


ID 

CP 


o 

o 


o 

o 


o 

cu 

00 

Ph 


r- 

CO 


CM 

r* 

o 

Oh 

00 

oo 
rj 
« — 
C 
oo 


00 

CM 

Ph 

00 


CM 

O 


O 

O 


CP 

00 


oo 


in 


o 

o 


CM 


o 

o 


o 

Oh 

00 

pH 


00 

ID 


CM 

O 

CM 

00 

00 

CM 

d” 

00 


oo 

CM 

pH 

OO 


CN 

a 


in 

•'d' 

£ 

oo 

CM 

£ 

CM 

i-3 


m 

* 

£ 

oo 

CM 

£ 

00 

t-3 


* 


127 


backgrounds  are  probably  due  to  combinations  of 

inelastically  scattered  Auger  and  other  electrons  in  the 

sample  volume  with  contribution  from  Auger  line  satellites 

of  low  intensity.  The  peaks  of  the  3M2  3M4  3 

spectra  are  due  to  overlap  of  many  lines  (l>2  3M2M4  3, 

l2  3m3m4  5^  an<3  so  they  are  quite  broad.  L3M2  3M4  5  Auger 

group  shows  in  all  compounds  two  prominent  peaks  with  a 

large  width  (FWHM  «  4-4.5  eV ) .  According  to  the 

calculations  the  peak  at  lower  energy  is  attributable  to 

the  sum  of  ^3  and  ^Pq  terms  and  the  second  peak  to  the 

sum  of  0^3  and  Pq12*  T^e  wea^  peak  in  the  same  group 

1  3 

is  due  to  a  combination  of  D2  and  F234 '  it  does  not 
appear  in  the  spectrum  of  GeC^  which  is  very  broad  nor  in 
the  spectrum  of  06(03^)4  for  which  poor  statistics  were 
achieved. 

The  attribution  of  the  peaks  in  L2M2  3M4  3  spectra  is 
more  difficult.  In  the  spectra  of  all  compounds  there  is 
only  one  dominant  peak  which  is  quite  broad  (FWHM  =  4.5 
eV )  .  This  peak  is  found  about  31  eV  to  higher  energy  of 
the  first  strong  peak  in  the  L3M2  3M4  3  group  so  it  is 
reasonable  to  attribute  it  to  a  combination  of  ^3  and  ^Pq 
lines.  On  the  high  energy  side  of  this  peak,  about  9  eV 
higher,  there  is  a  small  peak  due  to  the  combination  of 


- 


' 
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3  o  3  1 

p012/  an<^  d321*  T_he  f234  an<^  D2  final  states  are  not 

observed,  probably  because  their  intensities  are  very  low 

as  shown  by  the  theoretical  calculations  of  Antonides  et 

al.  for  atomic  Germanium.  A  detailed  analysis  of  the 

intensities  of  each  peak  was  not  possible  due  to  the  poor 

statistics  of  the  spectra.  However  from  the  sum  of  the 

areas  enclosed  by  the  Lorentzian  curves,  the  intensity  of 

the  L3M2  3M4  5  Auger  group  relative  to  the  intensity  of 

the  L2M2  3M4  5  group  has  been  estimated  to  range  between 

2.2  and  2.5.  This  value,  which  is  larger  than  the 

statistical  distribution  (2:1)  of  the  initial  state  holes 

in  the  2p^/2  an<3  ^Pl/2  leve^s  (given  by  2j+l/2j'+l  with  j 

=  3/2  and  j'  =  1/2)  may  be  a  consequence  of  the  high 

background  which  increases  the  intensity  of  the  low  energy 

peaks  belonging  to  the  L3M2  3M4  5  group  as  compared  to 

those  from  the  L2M2,3M4,5  9rouP* 

In  Figures  IV-1  and  IV-2  the  L2  3M4  5M4  5  and 


F2  3^2  3m4  5 

spectra  of 

solid 

Ge02  are 

shown . 

Roth 

regions  are 

quite 

broad. 

only 

the  1Sq, 

■^4  and 

3f 

f234 

components 

have 

been 

fitted 

in  the 

l2  3m4 

5m4  5 

3  1 

spectrum.  The  Pq12  an<^  D2  comPonents  were  not  resolved 
and  they  probably  contribute  to  the  intensity  assigned  to 
the  highest  peaks  thus  these  intensity  values  are  probably 
high . 
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The  L2  f  3MM  spectra  of  Ge  ^385)4  are  shown  in  Figures 

IV-3  and  IV-4.  In  the  L2  3M4  5M4  5  spectrum  the  two  Auger 

groups  with  L2  and  L3  as  initial  states  show  one  more  peak 
3  1 

due  to  ?oi2  anc^  d2  lying  too  close  in  energy  to  be 
separated.  In  the  spectrum  there  are  also  features  that 
do  not  belong  to  the  diagram  Auger  lines.  The  peaks  at 
1152.35  eV  and  at  1181.51  eV  are  due  to  photoionization  of 
Ge3d  by  respectively  Ge  La  (1188.0  eV)^  and  Ge  (1218.5 
eV )  radiations,  presumably  arising  from  some  Germanium 
deposition  on  the  anode  produced  by  the  decomposition  of 
the  Germanium  compounds  in  the  open  X-ray  tube.  This 
interpretation  is  supported  by  the  fact  that  the 
intensities  of  these  peaks  increased  during  the  analysis 
and  the  appearance  of  these  peaks  occurred  to  a  large 
extent  with  those  Germanium  compounds  with  the  lowest 
thermal  stability.  The  position  of  these  lines  can  not  be 
accurate  because  of  the  uncertainty  of  the  radiation 
emitted  by  unidentified  Germanium  decomposition 
products.  Although  sealing  the  cell  to  prevent  such 
leakage  with  the  resultant  contamination  of  the  spectrum 
was  attempted,  the  requirement  that  there  be  a  slit  to 
allow  electrons  to  enter  the  analyzer  means  that  some  of 
the  Ge  compounds  will  enter  the  pumping  system  and  gain 
access  to  the  open  X-ray  tube.  Sealing  the  X-ray  tube  and 
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provision  of  more  efficient  differential  pumping  would 
probably  solve  the  problem  but  resources  were  not 

available  to  do  this  prior  to  or  during  this  study.  In 

the  region  around  1181  eV  the  structure  is  quite  broad 
probably  because  of  contribution  from  other  satellites. 
The  l2;3m2,3m4,5  sPectrum  shows  a  peak  at  about  1018  eV 
which  is  also  quite  broad  and  which  could  be  due  to  a 
shake-off  process  accompanying  the  ionization  of  the  L3 
level . 

The  Ge  (0113)4  spectra  shown  in  Figures  IV-5  and  IV-6 
are  very  similar  to  the  06(0383)4  spectra.  Again  the  Ge3d 
photoelectron  lines  appear  at  about  1152  eV  and  1181  eV  in 
the  L2  3M4  5M4  5  spectrum  of  this  compound.  The 

L2  3m2  3m4  5  spectrum  shows  a  broad  peak  at  1021.37  eV 
which  is  attributed  to  shake-off  processes,  and  a  small 
peak  at  1057.34  eV  which  could  be  due  to  Ge3p 

photoelectron  lines  excited  by  Ge  radiation.  The  Auger 

spectra  of  GeH4  illustrated  in  Figures  IV-7  and  IV-8  show 
the  normal  Auger  lines  in  the  L2  3M4  5M4 , 5  spectrum  and 
again  the  Ge3d  photoelectron  lines  appear  at  around  1151 
eV  and  1181  eV.  There  are  also  two  satellite  peaks  at 
1121  eV  and  1142  eV.  In  the  L3M2  3M4  3  and  L2M2  3M4  5 
regions,  there  are  two  peaks  on  the  low  energy  side 
of  ^3  ^Pq  terms  at  1017.1  eV  and  1048.2  eV 


J r  i 


■ 


131 


respectively.  All  of  these  structures  could  arise  from 
shake-off  processes. 

In  Figures  IV-9  to  IV-12  the  Auger  spectra  of  GeCl4 
and  GeF4  are  illustrated. 

The  l2,3m4,5m4,5  spectrum  of  GeCl4  shows  features 
which  are  similar  to  the  above  spectra  of  Germane  and 
Alky lgermanes .  The  L2,3M2,3M4,5  spectrum  of  GeCl4  has  one 
extra  peak  on  the  low  energy  side  at  1011.8  eV,  which  is 
due  to  the  Cl  2p  photoelectron  line  excited  by  Ge  L 
radiation . 


P 


The  corresponding  spectra  in  GeF4  are  generally 
broader  than  those  for  the  other  compounds.  The  reason 
for  the  increased  breadth  of  the  peaks  could  be  a  shorter 
lifetime  of  the  hole  state  in  this  molecule  which 
contributes  to  the  broadening  of  the  spectra.  In  the 
l2  3m4  5m4  5  sPectrurn  the  Ge3d  photoelectron  peaks  excited 
by  Ge  and  Ge  are  not  as  strong  as  in  the  other 

compounds  because  Ge  F4  is  presumably  more  resistant  to 
decomposition  in  the  electron  beam  in  the  X-ray  tube.  In 
these  spectra  there  is  a  broad  feature  centered  at  «1141 
eV  that  could  contain  some  contribution  from  the  Ge  3d 
photoelectron  line  although  the  photoelectron  line  is  not 
clearly  resolved.  The  3M2  3M4  3  Auger  spectrum  of  this 
compound  also  shows  a  small  peak  at  »1050  eV  which  is 
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probably  due  to  the  Ge  3p  photoelectron  line  excited  by  Ge 

L  radiation, 
a 

As  it  is  shown  in  Figures  IV-1  to  IV-12  the 
L2,3M4,5M4,5  spectra  of  all  compounds  exhibit  a  quite 
broad  band  on  the  low  energy  side  which  in  certain  cases 
has  been  fitted  with  more  than  one  Lorentzian  and  which 
may  be  due  to  multielectron  processes.  ' 

The  calculations  of  the  relative  energies  and 
intensities  have  been  made  in  the  two-hole  representation 
(equation  1-14).  In  the  initial  state  the  inner-shell 
hole  is  coupled  to  a  hole  in  the  continuum  representing 
the  missing  Auger  electron,  and  in  the  final  state  the  two 
vacancies  are  coupled.  For  the  calculations  of  the 
energies  of  the  L2  3M4#5M4,5  Auger  spectra,  the  spin-orbit 
interaction  has  been  taken  into  account.  In  Table  IV-4 
are  listed  the  calculated  energies  of  the  L2  3M4  5^4^ 5  and 


L2  3^2  3^4  5 

lines 

relative  to 

1G4  and  (1F31Po) 

terms 

respectively . 

In 

column  (a) 

are  listed  the 

values 

obtained  in  the  pure  LS  coupling  scheme.  In  column  (b) 
the  values  obtained  by  adding  the  diagonal  elements  of  the 
spin-orbit  matrices  to  the  LS  values  are  given.  The 
values  in  column  (c)  were  obtained  from  the  solutions  of 
the  secular  equations1^  corresponding  to  each  term 
according  to  the  intermediate  coupling  scheme.  There  is  a 
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Table  IV-4 .  Calculated  Relative  Energies  (eV)  of  the 

L2,3M4  5m4  5  and  l2  3m2  3m4  5  Au9er  Lines  of 
Germanium 


Final  LS  + 

State  Diagonal 

Transition  Term  Pure  LS  Elements  IC 

(a)  (b)  (c) 


L2  3M4  5^4  5 


so 

-6.28 

-6.28 

-5.72 

1g4 

0.00 

0.00 

0.00 

3P° 

0.62 

1 . 34 

3pl 

0.92 

0.77 

0.77 

3p2 

1.07 

1.68 

1d2 

1.48 

1.48 

0.78 

3f 

f2 

3.59 

3.98 

3f 

F3 

4.19 

4.04 

4.04 

3f 
*  A 

4.64 

4.66 

L2  3^2  3^4  5 


0.00 

1.51 

10.01 

10.97 

16 . 23 


18.38 
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reasonably  good  agreement  between  the  pure  LS  values  in 
Table  IV-4  and  the  experimental  results  given  in  Table 
IV-3  with  the  exception  of  the  ^Sq  terms  which,  as  was 
previously  noted,  are  not  experimentally  well 
determined.  It  seems  that  the  pure  Russell-Saunders 
scheme  is  satisfactory  for  the  analysis  of  these  spectra 
given  the  small  spin-orbit  splitting  of  the  3d  level  in 
Germanium  (0.7  eV )  ^  which  was  not  resolved 
experimentally.  In  the  case  of  L2  3M2  3M4  5  spectra,  only 
the  LS  coupling  scheme  was  applied. 

The  Auger  parameter  £  for  each  compound  was  obtained 
from  the  experimental  Auger  energy  of  the  strongest  line 
(^G^)  of  the  L2  and  L3  groups  and  from  the  experimental 
binding  energies.  The  values  for  all  systems  are  listed 
in  Table  IV-5  along  with  the  total  relaxations  obtained 
from  the  Auger  parameters  and  the  coulombic  term 
F(M4  5M4  57  ^4)  (equation  IV-4).  The  coulombic  term 
F(M4  5M4  3;  ■1'G4)  was  calculated  for  the  neutral 
configuration  Ge(3d  4s  4pz)  in  the  LS  coupling  scheme  in 
terms  of  Slater's  integrals  from  Mann's  tables.  A  value 
of  36.12  eV  in  agreement  with  the  value  of  36.2  eV  given 
by  Antonides  et  al.  was  obtained.62  McGilp  and 
Weightman6^  also  evaluated  F(m4,5m4  5;  X)  using 
electrostatic  integrals  determined  for  the  Ge2+ ( 3d84s24p2 ) 
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Table  IV-5 .  The  Auger  Parameter  and  Relaxation  for 

Germanium  Compounds 


sa 

M5(1G4) 

M4 ( xg4 ) 

rS(M4 

m5(m4 

,5M4.5>b 

) 

R|a(M4 

m5(m4) 

,5m4,5> 

Ged 

12.90 

12.90 

23.22 

(23 . 22  ) 

10.72 

(10.72) 

Ge02 

16.27 

16.28 

19.85 

(19.84) 

7.35 

(7.34) 

Ge(C2H5)4 

18.37 

18.30 

17.75 

(17.82) 

5.25 

(5.32) 

Ge(CH3)4 

19.12 

18.94 

17.00 

(17 . 18) 

4.50 

(4.68) 

GeH4 

20.94 

20.96 

15.18 

(15.16) 

2.68 

(2.66) 

G  eC  14 

18.92 

18.83 

17.20 

(17.29) 

4.70 

(4.79) 

GeF4 

20.81 

20.53 

15.31 

(15.59) 

2.81 

(3.09) 

a.  Calculated  from 

equation 

IV- 3  . 

b.  Calculated  from 

equation 

IV-4 

taking  F(M 

4 , 5M4 ,  5 

7  XG4) 

36.12 

eV 

c.  Calculated  from 

equation 

IV- 7 

taking  Rga 

<m4,5m4 

,5>  = 

12.5 

eV. 

d.  Experimental  values  from 

Ref. 

62  . 
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configuration  from  the  Hartree-Fock  programme  of  Froese- 

Fisher  obtaining  a  value  of  39.1  eV,  3  eV  larger  than 

that  obtained  above.  However  their  results  for  the 

multiplet  splitting  calculation  of  Ge  L2  3M4  5M4  5  spectra 

overestimated  by  20%  the  measured  separations  ■*‘Sq-^G4  and 
1  ^ 

G4~jFq.  This  was  attributed  to  a  neglect  of  relativistic 
effects  which,  by  indirectly  expanding  the  3d  orbital, 
reduce  the  electron-electron  Coulomb  repulsion.  The 
values  used  above  for  the  electrostatic  integrals  of  the 
neutral  atom  configuration  were  about  10%  smaller  than 
those  for  the  Ge^+ ( 3d®4s^4p^ )  configuration  thus 
compensating  in  part  for  the  relativistic  effect. 

Assuming  that  the  atomic  relaxation  contribution  is 
constant  (independent  of  the  environment  of  the  atom),  the 
extraatomic,  environment  sensitive,  portion  was  extracted 
by  subtracting  the  Rsa  term  evaluated  above  (12.5  eV)  from 
the  total  relaxation  terms,  leaving  the  residuals  Rsea 
which  are  given  in  Table  IV-5.  For  comparison  purposes 
the  corresponding  values  for  Ge  metal  obtained  using  the 
experimental  energies  from  ref.  62  have  been  included  in 
the  table.  The  relaxation  term  obtained  in  this  way  for 
the  metal  agrees  quite  well  with  the  value  of  23.64  eV 
calculated  in  part  C  of  this  chapter.  The  relaxation 
terms  found  for  the  other  systems  are  considerably  smaller 
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than  the  calculated  value  because  the  electrons  on 
neighbouring  atoms,  being  more  attracted  by  their  own 
nuclei,  have  a  smaller  screening  effect  on  the  charge  on 
the  central  atom  than  is  estimated  by  the  atomic  integrals 
(equation  IV-16). 

As  shown  in  Table  IV-5,  GeH^  and  GeF^  have 
approximately  the  same  relaxation  value.  As  it  was 
pointed  out  in  Chapter  III,  relaxation  and  polarizability 
are  related  to  each  other.  The  results  for  GeH^  and  GeF^ 
agree  with  the  results  obtained  by  Aitken  et  al.^  on  a 
series  of  Chlorine  compounds  which  showed  that  Hydrogen 
and  Fluorine  have  the  same  polarizability.  The 
substantially  greater  electronegativity  of  Fluorine 
relative  to  Hydrogen  produces  a  large  decrease  in  the 
electrostatic  potential  at  the  Germanium  nucleus  yielding 
larger  Germanium  binding  energies  in  GeF^  than  in  GeH^. 

It  is  interesting  to  compare  the  relaxation  energies 
in  GeH^  and  in  the  isoelectronic  noble  gas  Krypton.  The 
relaxation  for  Krypton  was  estimated  from  a  comparison  of 
the  experimental  energy  of  the  L3M4  5M4  5  (^4)  Auger  term 
with  a  calculated  value  obtained  according  to  equation 
IV-l  neglecting  the  Rg  term.  The  experimental  Auger  and 
photoelectron  energies  were  taken  from  ref.  8.  A 
relaxation  of  17.7  eV  was  obtained  for  Krypton  in 
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agreement  with  the  value  of  17.8  eV  obtained  from  the 

/*  r\ 

results  of  Rosen  and  Lindgren.u  It  is  not  however  easy 
to  explain  why  the  value  for  Germane  is  smaller  than  the 
relaxation  value  for  Krypton.  Whereas  Krypton  has  a 

smaller  polarizability  than  a  Germanium  atom  (average 
polarizability  of  Krypton  and  Germanium  are  respectively 
2.48  and  6.07  in  units  of  10”24  Cm^),^  the  larger 
polarizability  of  Methane  (2.60  x  10“^  relative 

to  Neon  (0.39  x  10“^  cm^)^,  suggests  that  the 

polarizability  of  Krypton  will  be  smaller  than  that  of 
Germane  and,  consequently,  Krypton  would  have  a  smaller 
relaxation  than  Germane.  It  would  appear  that  effects 
other  than  the  polarizability  of  the  molecule  controls  the 
relaxation.  In  Krypton  all  the  electrons  and  in 

particular  the  ones  of  interest,  3d  and  4p,  are  localized 
in  their  orbitals  and  can  fully  contribute  to  the 

relaxation  potential  (equation  III-2)  which  is  a 

combination  of  Coulomb  and  exchange  integrals.  In  GeH^ 
the  Hydrogen  is  slightly  more  electronegative  than 
Germanium.  When  a  positive  charge  is  created  in  the 

Germanium  atom,  the  electronegativity  of  Hydrogen  may 
restrict  the  flow  of  the  electron  density,  which  is  the 
source  of  the  relaxation  contribution,  toward  the  positive 
hole  in  the  central  atom.  So  it  seems  that,  in  addition 
to  the  polarizability  of  the  molecule  itself  which  is 


' 

. 

\ 


139 


•  7 1 

related  to  the  size  and  to  the  charge  in  the  molecule, 

the  amount  of  electronic  charge  which  can  be  polarized  on 

the  atom  of  interest  is  also  important.  In  Ge  ^3115)4  the 

relaxation  energy  of  17.7  eV,  very  close  to  the  Krypton 

value,  suggests  that  the  electrons  from  the  Ethyl  groups 

can  flow  more  freely  toward  the  Germanium  hole  creating  an 

electronic  environment  analogous  to  that  of  the  noble  gas 

Krypton  which  has  6  electrons  in  the  4p  orbital. 

Chlorine,  due  to  its  large  atomic  size,  is  more 

polarizable  than  Fluorine  and  produces  a  larger  relaxation 

contribution  to  the  Germanium  Auger  energies  in  GeC^  as 

compared  to  GeF4»  Ge  (0113)4  and  Ge  (03135)4  show  large 

relaxations  which  are  comparable  with  that  of  GeC^,  in 

agreement  with  the  results  by  Smith  and  Thomas  on 

CH2CICOOH  and  C2H5COOH  which  indicated  that  Chlorine  and 

Methyl  have  about  the  same  overall  relaxation.  The  atomic 

size  and  the  electronegativity  of  Chlorine  act  in  such  a 

way  to  produce  in  GeCl4  the  same  relaxation  energy  as  the 

alkyl  groups  in  Ge(CH3)4  and  Ge(C2H5)4.  In  Chapter  III  it 

was  observed  that  the  relaxation  effect  created  by  a 

Chlorine  atom  was  slightly  larger  than  that  of  a  Methyl 

group,  however,  in  that  case  the  probe  atom  was  a  terminal 

atom  rather  than  the  central  atom.  The  response  of  the 

binding  and  Auger  energies  in  the  case  of  a  terminal  atom 
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to  the  chemical  environment  was  smaller  and  somewhat 
constrained  by  the  terminal  atom  character.  Furthermore 
in  that  case,  the  analysis  of  the  relaxation  was  based  on 

the  assumption  that  the  chemical  shifts  in  binding 

energies  were  the  same  for  all  core  electrons,  whereas  in 
this  case  the  appropriate  experimental  energies  for  each 
level  involved  in  the  Auger  process  are  used  in  equation 
IV-1 .  The  large  relaxation  shown  by  GeC>2  is  attributed  to 
the  solid  state  where,  in  general,  because  of  the  presence 

of  a  large  number  of  atoms  in  proximity,  the  relaxation 

•  •  7  9 

effects  are  bigger  than  those  m  gas  phase. 

Assuming  a  linear  relationship  between  relaxation  and 
polarizability  of  the  substituents  around  the  central 

atom,  then,  the  above  results  (Table  IV-5)  produce  an 
order  of  polarizability  (H  £  F<CH3 <C1<C2H5 )  which  is 

analogous  to  that  given  by  Aitken  et  al.4^  and  is 

.  .  .  .  .  .  .  .  70 

consistent  with  optically  determined  polarizabilities. 

For  metallic  Germanium  the  extraatomic  relaxation  can 
be  used  to  evaluate  the  solid  vapor  shift  by  noting  that 
the  Lang  and  Williams'^  Auger  parameter  (equation  IV-3 ) 
is  independent  of  state.  Writing  equation  IV-4  for  solid 
or  gaseous  state  gives 


gas  _ 


F(M4,5M4,5)  -  Rsa(M4/ 


5M4 , 5 


)  gas 
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solid  _ 


-  F(M4f5M4/5)  -  Rs  (M4/5M4f5) 


solid 


and  recalling  that  the  solid  state  term  can  be  divided 
into  atomic  and  extraatomic  components 


rst(m4 


\ solid  _ 


whereas  in  the  case  of  atomic  Germanium  only  the  atomic 
term  contributes : 


(M4, 5M4, 5 


jgas 


<M4,5M4,5 


) 


Hence 


&  l  =  5solid  -  5gas  , 


ea 


(M 


M A  K) solid  =  10.72  eV 


4 , 51 *4 , 5 


Q  C 

The  Auger  parameter  has  been  shown  by  ThomasJ  to  be  ap¬ 
proximately  2aRv  (the  outershell  relaxation  associated 
with  the  formation  of  a  single  core  hole)  therefore 
ARv  =  5.36  eV. 

The  binding  energy  shift  for  solid  to  vapor  Germanium 
is  then  given  by 


aT?  solid-gas  _  v  solid  _  p  gas 

aeb  ^  -  eb  -  eb^ 
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Applying  the  relation  for  binding  energy  in  terms  of  core 
potentials  and  relaxation  (from  equation  III-8) 

EB  =  -V  -  R  IV-17 

and  assuming  that  the  core  potentials  (V)  are  insensitive 
to  the  state  (assumption  suggested  by  the  argument  that 
the  orbital  energy  differences  between  solid  and  vapor  are 

CQ 

small)  gives 


AEgSolid-gas 


_Rsolid  +  Rgas 
.^Rsoiid-gas  =  5-36  eV 


and  the  binding  energy  should  be  higher  in  the  vapor  state 
by  about  5.36  eV.  The  Auger  energy  in  the  same  form  (from 
equation  III-17)  is  given  by 


EAu  =  V  +  3R 


IV-18 


and  the  same  arguments  yield  for  the  solid-gas  shift 


solid-gas 

aEAu 


3Rsolid  _  3Rgas 
3 (ARsolid-gas)  =  16.08  eV 


v' 
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with  the  Auger  energy  lower  by  16.08  eV  in  the  gaseous 
state.  While  the  values  are  not  known  for  Germanium,  the 

•7  q  HA  7  c: 

solid-vapor  shifts  reported  ''  3  for  Ag,  Zn  and  Cd  show 
the  electron  binding  energies  to  be  ~3  eV  higher  in  the 
vapor  state  and  the  Auger  energies  12-13  eV  lower  in  the 
vapor  state  in  keeping  with  the  above  prediction.  The 
estimated  values  of  extraatomic  relaxation  given  above 
seem  to  be  acceptable  in  that  these  estimates  yield 
reasonable  shift  predictions.  Since  the  extraatomic 
contributions  are  reasonable  for  metallic  Germanium  it 
also  seems  reasonable  to  consider  the  corresponding  terms 
for  the  Germanium  molecules  studied  herein  to  be  an 
evaluation  of  the  relative  contribution  of  molecular 
effects  (i.e.  the  presence  of  adjacent  electrons  and  atoms 
in  the  vicinity  of  the  probe  atom  (Ge)  )  .  The  value  of 
11.32  eV  estimated  for  the  extraatomic  relaxation  from 
equation  IV-16  is  close  to  the  value  (10.72  eV)  obtained 
from  the  experimental  energy  analysis  for  the  Germanium 
metal,  but  it  is  much  larger  than  the  values  for  the 
Germanium  molecules.  Equation  IV-16  gives  an  upper  limit 
for  the  extraatomic  relaxation.  This  limit  applies  to  the 
situation  when  the  hole  in  the  3d  level  (as  in  the  Ge 
l2  3m4  5m4  5  case)  is  completely  screened  by  one  unit  of 
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charge  arising  from  outside  the  atom  with  the  hole  and 
localized  in  the  4p  level.  In  the  case  of  Germanium  metal 
where  the  screening  charge  arises  from  the  conduction 
band,  the  4p  orbital  may  be  delocalized  and  therefore  the 
atomic  integrals  used  in  equation  IV-16  overestimate  the 
electrostatic  interaction  between  a  3d  and  a  4p  electron 
yielding  an  extraatomic  relaxation  which  is  slightly 
larger  than  the  value  for  Ge  metal.  In  molecules  the 
electrons  able  to  screen  the  positive  charge  associated 
with  the  hole  are  fewer  and  delocalized  on  the  whole 
molecule  therefore  it  is  perhaps  not  surprising  that 
molecules  suffer  smaller  relaxation  effects  than  the 
metal . 

In  Table  IV-6  the  theoretical  and  experimental 
intensities  of  L2,3M4,5M4,5  Auger  spectra  have  been 
listed.  The  theoretical  transition  rates  were  calculated 

C  C  C  r  t  ... 

in  the  mixed  coupling  scheme,  '  treating  the  initial  L 
shell  and  continuum  hole  in  jj-coupling  and  the  final  two 
holes  in  LS  coupling.  The  calculated  spectrum  for 
Germanium  atom  is  shown  in  Figure  IV-13.  The  spectrum  was 
obtained  by  a  curve  simulation  programme,  D  using  relative 
energies  as  derived  from  the  pure  LS  calculations,  areas 
as  required  by  the  mixed  coupling  intensity  results  and 
widths  from  the  deconvolution  of  the  experimental 
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values  have  been  obtained  from  mixed  coupling  scheme  using  LS  coupling  for  the  final  state 
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mixed  coupling  calculations  using  LS  coupling  for  the  final  state. 
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spectra.  The  distance  between  the  L2M4  5M4  5  anc^ 

5^4,5  Auger  groups  was  taken  equal  to  the  Ge  2p  spin- 
orbit  splitting  value  which  is  31  eV.  The  components 
and  JP  have  been  combined  to  obtain  a  spectrum  comparable 
to  the  experimental  spectra.  The  results  of  the  intensity 
calculations  show  that  the  transition  rates  for  ^Sq,  ^4, 
and  D2  and  the  separate  sums  of  P  and  F  terms  are 
independent  of  the  j  value  of  the  initial  2p  hole. 
However  the  distribution  of  the  transition  rate  between 
the  components  of  ^P  and  is  significantly  different  in 
the  two  groups.  The  calculated  intensities  are  in  quite 
good  agreement  with  those  obtained  previously  by  Antonides 
et  al,  who  used  the  same  coupling  scheme.  Even  with  the 
inaccuracy  of  the  line  decomposition  procedure,  it  seems 
that  the  intensities  of  the  different  terms  do  not  change 
much  from  one  compound  to  the  other.  Poor  resolution 
renders  unreliable  the  individual  intensities  of  ^4, 

^Pqi2  and  ^D2  terms,  but  the  sum  of  the  three  terms  is 
reliable.  The  largest  deviations  from  the  calculated 
intensities  are  shown  by  the  GeF4  spectrum  probably 
because  of  the  difficulty  in  fitting  the  peaks  due  to  a 
larger  linewidth  in  this  case.  We  have  attributed  the 
broadening  to  lifetime  effects. 
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Table  IV-7  gives  the  relative  intensity  ratio 
I  (L3M4 ,  5M4  ,  5/L2M4 ' 5M4  5)  obtained  from  the  calculated  peak 
areas  of  the  fitted  curves.  For  most  of  the  compounds  the 
ratio  of  the  total  intensities  of  the  two  Auger  groups 
reflects  the  statistical  distribution  of  the  hole  states 
between  the  L3  and  L2  levels  of  approximately  2  with  an 
exception  in  the  case  of  GeCl^  which  shows  a  substantially 
larger  value,  but  the  reason  for  the  discrepancy  is  not 
clear.  There  is  some  difficulty  arising  in  this  case 
because  of  the  relatively  high  background  level  in  the 
spectrum. 


E.  Conclusions 


The  analysis  of  the  Ge  L2  3M2  3M4  5  and  L2  3M4  5M4  3 
Auger  spectra  of  different  Germanium  compounds  shows  that 
the  chemical  environment  does  not  change  the  general 
characteristics  of  the  spectra.  It  affects  the  relaxation 
contributions  accompanying  the  photoionization  and  the 
Auger  processes,  resulting  in  a  constant  energy  shift  for 
all  components  of  the  Auger  spectrum.  Complete 
theoretical  reproduction  of  the  absolute  energies  requires 
a  comprehensive  treatment  of  the  relaxation 
contributions.  However  it  is  possible  to  obtain  an 


understanding  of  the  trends  demonstrated  in  molecules  from 


. 
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Table  IV-7.  Experimental  Intensity  Ratio 

I(L3M4,5M4, 5)/l(L2M4,5M4,5) 


Compounds  I (L3M4, 5M4,  5 )/l (L2M4>  5M4 , 5 ) 


Ge02 ( s ) 

2.1 

Ge(c2H5)4(g) 

1.8 

Ge(CH3)4(g) 

1.9 

GeH4(g) 

1.8 

GeCl4(g) 

2.6 

GeF4(g) 

2.3 

151 


an  empirical  analysis  based  on  the  use  of  experimental 
binding  energies  and  the  assumption  that  the  atomic  terms 
can  be  adequately  calculated  from  atomic  theory  leaving 
the  residuals  to  be  associated  with  the  molecular 
environment  effects. 

The  results  indicate  that  the  dependence  of  the 
relaxation  energy  on  the  chemical  environment  follows  the 
same  order  as  the  polarizability  of  the  group  attached  to 
the  central  atom. 

The  model  used  to  estimate  the  extraatomic  relaxation 
term  is  valid  for  metals,  only  in  those  cases  where  there 
is  a  complete  screening  of  the  positive  charge  associated 


with  the 

hole.  The  model 

overemphasises  the 

Rsea  term  in 

molecules 

• 

The 

LS  coupling 

scheme  is  adequate  to 

predict  the 

relative 

energies  of 

the 

l2 , 3m4, 5m4, 5  sPectra 

.  The  mixed 

coupling 

scheme  for 

the 

calculations  of  the 

intensities 

seems  to 

reproduce 

the 

experimental  values 

within  the 

uncertainty  of  the  curve  decomposition  procedure. 


CHAPTER  V 


NEAR  THRESHOLD  IONIZATION  EFFECTS  IN  AUGER  SPECTRA 

OF  GERMANIUM  COMPOUNDS 


A.  Introduction 

In  the  previous  chapter  the  A1  Ka^  2  excited  L2  3MM 
Auger  spectra  of  Germanium  in  a  series  of  Germanium 
compounds  were  described.  The  many  features  of  these 
spectra  were  those  normally  expected  for  the  system. 
Considering  the  proximity  of  the  Magnesium  Ka^  2  radiation 
to  the  ionization  energy  of  the  Germanium  2p  w2  (L2) 
energy  level  it  appeared  that  it  might  be  instructive  to 
compare  the  Mg  Ka^  2  excited  L2  3MM  Auger  spectra  with  the 
corresponding  A1  Ka^  2  excited  spectra.  Having  only  the 
fixed  Mg  Ka^  2  radiation  energy  at  our  disposal,  the  same 
approach  as  was  used  by  Balil  et  al.  for  Selenium  was 
used.  The  difference  between  the  Ge  L2  binding  energy  and 
the  Mg  Ka^  2  excitation  energy  was  changed  by  selecting 
Germanium  compounds  with  different  L2  chemical  shifts 
(chemical  tuning)  so  that  the  threshold  ionization  effects 
could  be  scanned  by  XAES  (X-ray  Auger  electron 
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spectroscopy) . 


Because  the  L3  binding  energy  is 


significantly  smaller  than  the  energy  of  the  Mg  Ka^  2 
radiation,  no  threshold  effects  are  expected  in  the  L3MM 
spectra.  In  all  compounds,  pronounced  Post  Collision 
Interaction  (PCI)  effects  were  observed.  Also,  for  the 
first  time,  a  pronounced  effect  of  the  Auger  final  state 
configuration  was  observed  by  means  of  a  comparison  of  the 
behavior  of  the  L2  3M4  5M4  5  with  the  L2  3M2  3M4  5  Auger 
spectra,  the  two  strongest  diagram  Auger  transition  groups 
in  Germanium  compounds. 


B .  Experimental 

The  details  of  the  experimental  procedure  have  been 
given  in  Chapter  IV  except  for  the  use  of  a  Mg  Ka^  2  X-ray 
source  (1253.64  eV)^x  to  excite  the  spectra.  The  same 
compounds  as  in  Chapter  IV  were  analyzed;  gaseous  Gel^, 
Ge(CH3)4,  Ge(C2H5)4,  GeC^,  GeF4  and  solid  Ge02 . 


C .  Theory 

The  Auger  decay,  following  inner  shell 
photoionization,  is  not  usually  affected  by  the  energy  of 
the  incident  photon.  However,  when  the  photon  energy  is 
very  close  to  the  ionization  threshold  of  the  primary 
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electron  being  ejected,  the  emission  of  an  Auger  electron 
may  occur  while  the  slowly  receding  photoelectron  is  still 
in  the  vicinity  of  the  excited  atom.  In  such  a  situation, 
the  Auger  spectrum  is  expected  to  be  influenced  by  what  is 
called  Post  Collision  Interaction  (PCl).^®'^  This  term 
was  first  used  for  the  autoionization  of  an  atom  which, 
under  certain  conditions,  may  be  influenced  by  the  Coulomb 
field  of  a  slowly  receding  particle.  Much  experimental 
data  on  PCI  has  been  reported  for  autoionization  following 
electron  impact 


e  +  B  -►  B  +  e  (1)  (slow) 

1  ^  B+  +  e“(2)  (fast) 

where  the  slowly  receding  particle  is  the  inelastically 
scattered  electron  e-(l).  At  impact  energies  slightly 
above  the  threshold  for  excitation  of  the  autoionizing 

state  the  ejected  electron  e-(2)  peaks  were  found  to  be 

•  •  pn 

shifted  towards  higher  energies  and  broadened. 

Experimentally  it  appeared  that  the  PCI  led  to  an  energy 

loss  for  the  slow  electron  e“  (1)  and  an  energy  gain  for 

the  autoionization  electron  e_  (2).  PCI  phenomena  have 

O  "I 

also  been  observed  for  the  process  of  inner  shell 
ionization  by  X-ray  followed  by  Auger  ejection  of  a  fast 


electron 
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hv  +  B  ->  B+  +  e  (slow) 

1  ^  B^+  +  e-  (fast)  V-2 

When  the  energy  of  the  photon  is  very  close  to  the 
ionization  energy  of  B,  then  the  PCI  spectrum  is 
observed.  The  main  features  in  a  PCI  spectrum,  shift  in 
the  Auger  energy,  line  broadening  and  line  asymmetry,  are 
explained  with  a  semiclassical  theory  due  to  Niehaus  in 
terms  of  pure  energy  exchange  between  the  fast  and  the 
slow  electrons. 

According  to  this  model,  the  slowness  of  the  receding 
electron,  compared  to  the  other  bound  electrons  and  to  the 
fast  ejected  Auger  electron,  allows  the  separation  of  the 
motion  of  the  slow  electron  from  the  motion  of  the  other 
electrons.  Its  behavior  may  be  described  in  terms  of 
potential  curves  representing  a  pure  Coulomb  potential 
(-1/R)  in  the  initial  state  before  the  Auger  decay  and  a 
Coulomb  potential  (-2/R)  thereafter  for  the  system  of  the 
ion  plus  a  slow  electron.  The  model  provides  an  analytic 
expression  for  the  energy  distribution  of  the  energy  gain 
e  of  the  Auger  electron  (energy  loss  -z  for  the 
photoelectron).  The  distribution  depends  on  the  excess 
energy  aE  which  is  the  difference  between  the  energy  of 
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the  incident  photon  and  the  ionization  energy  of  the  atom, 
and  on  the  lifetime  of  the  inner  shell  ionization 
process.  The  results  predict  an  asymmetric  Auger  peak 
having  a  high  energy  tail.  The  most  probable  energy  shift 
is  determined  as  the  position  at  the  maximum  of  the  energy 
distribution  which  satisfies  the  following  relationship 


[2U  +  6)1//2  -  1(51  +  46)]  =  0  V-3 

where  the  reduced  energies  6  and  E,  are  related  to  the 
excess  energy  AE  and  to  the  Auger  peak  energy  shift  (e)  by 
the  lifetime  (r)  of  the  core  level  according  to  the 
equations 


l  =  ST2/3 

V-4 

6  =  AE-r2/3 

with  all  quantities  in  atomic  units.  The  use  of  reduced 
energies  in  equations  V-4  allows  the  energy  shifts  to  be 
expressed  independently  of  the  lifetime  (t). 

From  equations  V-3  and  V-4  it  follows  that:  a)  for  6 
0  (at  threshold)  the  Auger  peak  energy  shift  is  equal  to 
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—  2/3 

(/2/5t)z/  ;  b)  the  peak  position  varies  smoothly  across 

the  threshold.  When  e  <<  AE  equation  V-3  reduces  to  the 

•  .  Q  9 

classical  result  obtained  by  Barker  and  Berry 


2/2  6 


according  to  which  for  6  -*•  0 ,  £  ■+•  °°  and  also  e  -*•  °°.  in 

the  absence  of  PCI,  the  probability  for  ionization  and  so 
the  subsequent  Auger  effect  would  be  a  step  function 
rising  abruptly  at  AE  =  0  from  zero  to  one.  As  it  is 
shown  in  the  Niehaus  theory  and  confirmed 

Q  9 

experimentally,  the  probability  for  ionization  increases 
smoothly  through  the  threshold  in  a  rather  wide  energy 
range  whose  width  increases  as  the  lifetime  of  the  hole 
state  decreases. 

Another  phenomenon  arising  at  the  threshold  is  the  so 

ft  3  ft  4 

called  Auger  Resonant  Raman  effect  '  by  analogy  with 
the  X-ray  Resonant  Raman  effect.  In  the  X-ray  Resonant 
Raman  effect,  absorption  of  a  photon  hto^  promotes  an 
atomic  inner  shell  electron  to  an  excited  bound  state. 
The  inner  shell  vacancy  is  simultaneously  filled  by 
another  atomic  electron  under  emission  of  a  characteristic 
X-ray  photon  hw2  (<  hw^ )  .  For  the  Auger  Resonant  Raman 
effect,  an  Auger  electron  is  emitted  in  place  of  the  X- 
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ray.  The  resonantly  emitted  Auger  electron  (or  X-ray 
line)  is  different  from  the  normal  Auger  electron  in  that 
it  reflects  the  width  of  the  exciting  radiation  as  well  as 
the  natural  lifetime  width  r  of  the  inner  shell  hole 
state.  If  excitation  is  accomplished  with  a  sharp  line, 
then  the  energy  of  the  Auger  electron  (or  emitted  photon) 
will  vary  with  the  energy  of  the  incident  photon  ho^  over 
a  range  of  r .  The  linear  dispersion  and  the  narrowing  of 
the  emitted  Auger  electron  line  (or  the  emitted  radiation 
linewidth)  are  the  identifying  characteristics  of  the 
Auger  Resonant  Raman  process.  Two  possible  spectral 
appearances  arise  depending  on  whether  the  electron  placed 
in  the  excited  state  acts  as  a  spectator  while  an  Auger 
process  takes  place  with  two  of  the  more  tightly  bound 
electrons,  or  whether  the  electron  in  the  excited  state  is 
directly  involved  in  the  filling  of  the  hole.  Both  cases 
result  in  Auger  electron  energies  which  are  higher  than 
the  normal  Auger  lines,  with  the  latter  having  the  higher 
energy . 

D.  Results  and  Discussion 

The  Ge  L2  3M4  5M4  5  and  82,3142,3^4,5  Auger  spectra  of 
the  six  compounds  excited  by  Mg  Koci,2  X-radiation  are 
shown  in  Figures  V-l  to  V-12.  The  figures  corresponding 
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-11.  Germanium  L2  3M2  3M4 , 5  Auger  spectrum  of  GeCl4  vapor  excited  by 
radiation  at  a  sample  pressure  of  200y  .  s=  satellite;  8=  Cl  2p 
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to  the  l2,3m4,5m4,5  Au9er  spectra  contain  an  insert  with 
the  , 5m4 ,5  region  taken  from  the  complete  L2  3M4  5M4  5 

spectra  excited  with  A1  Ka^  2  radiation  which  were 
discussed  in  Chapter  IV.  The  band  components  were 
obtained  by  the  curve  fitting  procedure  described  in 
Chapter  IV.  All  the  L2  3M4  5M4  5  spectra  excited  with  Mg 
Kal,2  radiation  contain  the  photoelectron  lines  arising 
from  excitation  of  Ge  3p-^/2  and  Ge  3p^^2  levels  (Eg  ~  130 
eV)  and  this  feature  appears  in  the  region  of  1110-1120  eV 
obscuring  the  “''Sq  term.  As  with  the  A1  Ka^  2  excited 
spectra,  the  Mg  Ka  excited  spectra  show  the  Ge  3d 

photoelectron  line  excited  by  Ge  La  and  Ge  Lf3  radiations 
generated  from  some  Germanium  deposition  on  the  anode. 
The  L3MM  group  of  the  Auger  spectra  excited  by  Mg  Ka^  2 
essentially  the  same  as  that  excited  by  A1  Ka-^  2  as 
expected  because  the  ^-V2/2  (L3)  binding  energy  is 

substantially  smaller  than  the  Mg  Ka^2  radiation  energy 
in  all  chemical  environments  of  Ge,  thus  no  threshold 
effects  arise  in  this  group. 

GeC>2  which  has  a  biding  energy  2.43  eV  smaller 

than  the  Mg  Ka^  2  radiation  energy  shows  an  L2MM  spectrum 
(Figure  V-l)  with  some  pronounced  differences  compared  to 
the  spectrum  obtained  with  A1  Ka^  2  radiation.  The 
L2M4  5M4  5  group  is  shifted  by  0.37  eV  to  higher  energy  in 
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the  Mg  Ka^  2  spectrum  relative  to  the  group  position  in 
the  spectrum  excited  by  A1  Ka^  2  radiation.  Also 
noticeable  is  a  dramatic  decrease  in  the 

L2m4 , 5m4 , 5/l3m4  5m4  5  intensity  ratio,  changing  from  0.5 
with  Aluminum  excitation  to  0.2  with  Magnesium 
excitation.  This  behavior  reflects  the  variation  of  the 
2pf/2  photoionization  cross-section  near  the  threshold. 
It  seems  that  there  is  also  an  alteration  of  the  relative 
intensities  within  the  L2M4  5M4  5  group.  The  peak 

•  "3  1  3 

previously  attributed  to  a  sum  of  the  P,  D,  F  final 
states  (Chapter  IV)  is  increased  in  intensity  relative  to 
the  final  state  in  comparison  with  the  A1  Ka^  2 
spectrum.  Also  in  the  spectrum  excited  with  Magnesium 
radiation  there  is  a  structure  at  high  energy,  about  8.5 
eV  away  from  the  lines  which  does  not  seem  to  belong 
to  any  of  the  diagram  Auger  transitions.  The  origin  of 
this  feature  is  unknown.  The  L2 f 3M2  3M4  5  spectrum  shown 
in  Figure  V-2  has  the  same  features  as  the  A1  Ka^  2 
excited  spectrum.  The  only  difference  is  a  shift  of  about 
0.97  eV  of  the  L2M2  3M4  3  group  to  higher  kinetic  energy 
in  the  spectrum  excited  with  Mg  Ka^  2  radiation  respect  to 
that  excited  by  A1  Ka^  2  radiation.  No  change  in  the 

l2m2  3M4  5/l3m2  3M4  5  intens;*-ty  ratio  is  observed. 

In  Figure  V-3  the  3M4  5M4  5  spectrum  of  Ge (0285)4 
For  this  compound  the  Germanium  j 2  binding 


is  shown. 
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energy  is  0.51  eV  larger  than  the  Mg  Ka^  2  radiation 
energy.  The  L2M4,5M4,5  Auger  group  excited  by  Mg  Ka^  2 
differs  markedly  from  the  Aluminum  excited  spectrum,  which 
is  the  normal  Auger  spectrum  because  of  the  threshold 
ionization  phenomena.  Because  of  the  limitations  of  the 
curve  fitting  procedure  which  allows  only  the  use  of 
either  Gaussians  or  Lorentzians,  the  asymmetric  shape 
found  in  this  region  could  only  be  fitted  with  two 

Lorentzians  centered  at  1166.63  eV.  This  feature  is 
shifted  by  2.18  eV  to  higher  energy  with  respect  to  the 
normal  Auger  line  (L2M4  5M4  5)  in  the  Aluminum  excited 

spectrum.  The  two  Lorentzians  were  then  replaced  by  the 
PCI  asymmetric  shape  calculated  by  Dr.  J.  V&yrynen  of  this 
laboratory  according  to  the  theory  of  Niehaus.  As  the 

result  shown  in  Figure  V-3  indicates,  the  PCI  function 
reproduces  reasonably  well  the  structure  in  the 

experimental  spectrum.  At  about  6  eV  above  the  normal  ^G^ 
(L2M4  5M4  5)  another  structure  similar  in  appearance  to 
the  diagram  Auger  line  appears.  This  line  can  be 
explained  as  a  spectator  satellite  Auger  line.  The 
spectator  satellite  Auger  process  may  consist  of  a  2p-^  /  2  -► 
kd  excitation,  followed  by  the  Auger  decay  with  the  kd 
electron  acting  as  a  spectator.  In  the  case  of  a 
participation  of  the  kd  electron  in  the  Auger  decay,  the 


\ 


186 


process  would  have  appeared  as  a  structure  at  even  higher 
energy.  a  The  intensity  ratio,  as  derived  from  the  areas 
obtained  from  the  least  square  fitting  procedure,  of  the 
PCI  and  satellite  structure  over  the  L3M4  5M4  5  region  in 
the  Mg  Ka^  2  excited  spectrum  was  compared  to  the 
l2m4  5m4  5/l3m4  5m4  5  intensity  ratio  obtained  in  the 
spectrum  excited  with  Aluminum  radiation.  A  38%  decrease 
of  the  total  intensity  of  PCI  and  satellite  peaks  with 
respect  to  the  normal  L2M4  5M4  5  Auger  transition  was 
observed.  The  L2  3M2  3M4  5  spectrum  of  Ge  ^2^15)4  shown  in 
Figure  V-4  is  very  much  like  that  of  the  spectrum  excited 
with  Aluminum  radiation,  there  being  only  a  rather  large 
shift  of  the  L2M2  3M4  5  group  by  4.5  eV  to  higher 
energy.  No  change  in  the  L2M2  3M4  5/L3M2  3M4  5  intensity 
ratio  was  observed. 

In  Figure  V-5  is  shown  the  L2  3M4  5M4  3  Auger 
spectrum  of  GeCCf^^.  For  this  compound  the  energy  of  the 
Ge  0*86  eV  above  the  Mg  Ka^  2  radiation.  The 
L2M4  5M4  5  spectrum  shows  the  PCI  effect  consisting  of  a 
broadened,  asymmetric  lineshape  shifted  by  1.93  eV  to 
higher  energy  relative  to  the  normal  ^G4(L2M4  5^4^)  Auger 
line  and  with  a  diagram  Auger-like  line  shifted  by  6.2  eV 
to  higher  kinetic  energy  relative  to  the  normal 
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(L2M4 ' 5M4 , 5 )  Auger  line.  The  asymmetric  structure  is 
matched  quite  well  by  the  calculated  PCI  function.  The 
latter  part  of  the  spectrum  is  again  explained  as  a 
spectator  satellite  Auger  line.  The  intensity  of  the 
entire  structure  (PCI  and  satellite)  relative  to  the 
intensity  of  the  L3M4  5M4  5  group  is  about  25%  less  than 
the  l2m4 , 5m4 , 5/l3m4 , 5m4  5  intensity  ratio  in  the  Aluminum 
excited  spectrum.  In  Figure  V-6  the  L2  3M2  3M4  5  spectrum 
of  Ge(CH3)4  excited  by  Mg  Ka^  2  radiation  is 
illustrated.  The  L2M2  3M4  3  group  is  shifted  by  4.62  eV 
to  higher  kinetic  energy  relative  to  the  Aluminum  excited 
l2m2  3m4  5  9roup.  The  statistics  of  the  spectral  data 
obtained  with  Mg  Ka  excitation  were  poorer  than  that  of 
the  spectrum  excited  with  Aluminum  radiation,  however  an 
approximate  estimate  of  the  intensities  revealed  no  change 
in  the  L2M2 , 3M4 , 5/L3M2 , 3M4 , 5  intensity  ratio. 

The  L2  3M4  5M4 '  5  spectrum  of  GeH4  is  shown  in  Figure 
V-7.  The  binding  energy  of  Ge  2.78  eV  larger 
than  the  Mg  Ka^  2  radiation  energy.  Even  this  far  below 
the  threshold,  the  L2M4,5M4,5  spectrum  excited  by  the 
Magnesium  anode  shows  some  PCI  effect  with  a  structure 
which  is  shifted  by  1.55  eV  to  higher  kinetic  energy 
relative  to  the  normal  ^4 (L2M4 , 5M4 , 5 )  Auger  line.  The 
intensity  of  this  peak  is  quite  low  and  it  is  not  possible 
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to  discern  an  asymmetric  shape.  A  satellite  peak  is 
present  at  6.11  eV  above  the  diagram  1G^  (L2M4  5M4  5) 

Auger  line.  The  small  peak  between  the  PCI  and  the 
satellite  structure  may  be  due  to  another  spectator 
satellite  involving  a  different  orbital.  The  combined 
intensity  of  PCI  and  satellites  relative  to  the  intensity 
of  the  l3M4,5M4,5  group  of  the  same  spectrum  is  only  40% 
of  the  L2M4  5M4  5/L3M4  5M4  5  intensity  ratio  obtained  in 
the  spectrum  excited  by  Aluminum  radiation.  The 

l2  3m2  3m4  5  spectrum  shown  in  Figure  V-8  is  similar  to 
the  spectrum  excited  with  Aluminum  radiation,  the  only 
notable  difference  being  the  shift  of  the  L2M2  3M4  5  group 
by  5.74  eV  to  higher  energy.  The  structure  near  1054  eV, 
whose  intensity  increased  during  the  measurement,  may  be 
due  to  the  Ge  an<^  Ge  ^P3/2  photoelectron  lines 

excited  by  Ge  La  radiation,  again  due  to  Germanium 
deposition  on  the  anode. 


Different  features  from  the  ones  described  above  are 
shown  by  the  Ge  L2  3M4  ^4^5  Auger  spectra  of  GeCl4  and 
GeF4  illustrated  in  Figures  V-9  and  V-10 . 


The  Ge 

2Pl/2 

binding 

energy  in 

GeCl4  is  4.94  eV 

larger  than 

the 

Mg  Ka1>2 

radiation 

energy.  In  the 

l2m4  5m4  5  re9i°n  °f  the  Magnesium  excited  spectrum  there 
is  a  weak  structure  shifted  by  0.18  eV  to  higher  kinetic 
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energy  with  respect  to  the  normal  line  in  the 
^2^4, 5^4, 5  spectrum  excited  by  Aluminum  radiation,  and  a 
weak  satellite  peak  shifted  by  6.11  eV  to  higher  kinetic 
energy  again  with  respect  to  the  normal  transition. 
The  combined  intensity  of  PCI  and  satellite  relative  to 
the  intensity  of  the  L3M4  5M4  5  group  is  only  22%  of  the 

L2m4 , 5m4 , 5/l3m4 , 5M4 , 5  intensity  ratio  in  the  Aluminum 
excited  spectrum. 

In  GeF^  the  Ge  2 V\/2  binding  energy  is  6.37  eV  larger 
than  the  Mg  Ka-^2  radiation  energy.  The  L2M4  1^4,5  region 
of  the  ^2 ' 3M4 ' 5M4 '  5  spectrum  shows  a  peak  shifted  by  0.22 
eV  and  a  satellite  shifted  by  8.81  eV  to  higher  kinetic 
energy  both  with  respect  to  the  normal  -*-G4(L2M4  5M4  5) 
diagram  line.  The  combined  intensity  of  the  two 
structures  relative  to  the  L3M4  5M4  5  group  is  only  18%  of 
the  L2M4  5M4  5/L3M4  5M4  3  intensity  ratio  in  the  spectrum 
excited  with  A1  Ka^  2  radiation. 

In  Figures  V-ll  and  V-12  the  L2,3M2,3M4,5  sPectra  of 
GeCl4  and  GeF4  respectively  are  shown.  In  the  region  of 
the  L2  3M2  3M4  5  spectrum  of  GeCl4  there  was  also  a  strong 
Cl  2p  photoelectron  line  (the  deleted  portion  of  the  data 
in  the  figure)  with  the  corresponding  satellite  due  to  the 

Mg  K0C3  4  radiation.  In  the  ^2 ,2^2 ,3^4 ,5  spectrum  of  GeF4 
there  is  some  structure  near  1053  eV  which  increased 
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during  the  measurement,  suggesting  that  it  was  due  to  the 
Ge  3pjY2  an<3  Ge  3P3/2  photoelectron  lines  excited  by  Ge  La 
radiation  arising  from  anode  contamination.  These  lines 
appear  to  be  quite  strong  in  comparison  to  the  L2M2  3^4^ 
Auger  group.  The  shift  of  the  L2M2  3M4  5  groups  relative 
to  the  l2m2,3m4,5  sPectra  excited  by  Aluminum  radiation  is 
3.84  eV  for  GeCl4  and  6.21  eV  for  GeF^,  both  to  higher 
kinetic  energy.  For  both  compounds  the 
l2m2 , 3m4 , 5/L3M2 , 3m4 , 5  intensity  ratios,  in  contrast  to  the 
other  systems,  are  much  smaller  in  the  Mg  Ka^  2  than  in 
the  A1  Ka^  2  excited  spectra. 

In  Tables  V-l  and  V-2  are  listed  results  for  all 
compounds.  In  Table  V-l  the  Ge  2p \/2  binding  energies 
relative  to  Mg  Ka^  2  radiation  are  given  along  with  the 
PCI  shifts  and  the  satellite  shifts.  In  Table  V-2  the 
PCI/L3M4  5M4  5  intensity  ratios  are  given,  excluding  the 
intensities  of  the  satellites.  As  shown  in  this  table, 
the  peaks  in  the  GeCl4  and  GeF4  L2,3M4,5M4,5  spectra, 
which  are  shifted  only  by  0.18  eV  and  0.22  eV  respectively 
from  the  diagram  ^G4  (L2M4  5^4^)  Auger  line  (Table  V-l), 
have  only  4%  and  3%  of  the  intensity  of  the  unshifted 
L3M4  5M4  5  diagram  line.  If  it  is  considered  that  in  a 

diagram  Auger  transition  the  L2M4 , 5M4 , s/L3M4 , 5M4 , 5 
intensity  ratio  is  approximately  1:2,  as  has  been  observed 
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These  values  have  been  obtained  from  the  spectra  excited  with  Al 
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Table  V-2 .  PCI /L3M4 , 5M4 , 5  Intensity  Ratio  for  Germanium 
Compounds 


Compound  PCI/L3M4  5M4  5 


Ge02  (s) 

0.20 

Ge (C2H5 ) 4 ( g ) 

0.18 

Ge(CH3)4(g) 

0.17 

GeH4(g) 

0.13 

GeCl4(g) 

0.04 

GeF4(g) 

0.03 

193 


for  the  Aluminum  excited  spectra,  it  follows  that  the 
intensities  of  these  small  peaks  are  about  8%  of  the 
normal  L2M4 , 5M4 , 5  Auger  group.  Therefore,  it  seems 
reasonable  to  attribute  these  peaks  to  the  Mg  K«3  4  high 
energy  satellite  in  the  unfiltered  X-radiation,  which  lies 
about  10  eV  above  the  Mg  Ka-^  2  line*  and  possesses  an 
intensity  of  approximately  8%  of  the  principal  Mg  Kai  2 
radiation.  The  weak  peaks  are  also  slightly  shifted 
because  of  the  proximity  of  the  radiation  energy 
( approximately  1263.6  eV )  to  the  threshold  of  the  Ge  / 2 
binding  energies. 

In  Figures  V-13  and  V-14  plots  of  £  and  6  as  defined 

p  5 

by  equation  V-4  using  r  =  0.95  eV  are  shown  for  the 
m4  5m4  5  and  m2  3m4  5  final  states.  The  PCI  shift  of  the 
diagram  Auger  (M4  5M4  5)  final  state  (Figure  V-13)  shows  a 

O  O 

behavior  similar  to  that  reported  by  Brown  et  al.  for  Xe 
L.3M4M5(^G4).  The  PCI  shift  passes  through  a  maximum  value 
near  the  threshold,  and  the  shift  decreases  when  the 
excess  energy  has  larger  positive  or  negative  value.  The 
two  points  relative  to  GeCl4  and  GeF4#  for  the  reasons 
given  above,  represent  a  different  situation  in  that  the 
slightly  shifted  L2M4,5M4,5  transitions  are  those 
apparently  excited  by  the  Mg  K«3  4  satellite.  However  a 
small  contribution  from  some  PCI  shifted  diagram  Auger 
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transitions  can  not  be  excluded.  A  different  behavior  is 
observed  for  the  ^->2^2  3M4  5  shifts.  From  Figure  V-14  it 
appears  that  the  shift  increases  when  the  excess  energy 
becomes  more  negative,  with  exception  of  GeCl4  for  which  a 
decrease  in  the  shift  is  observed.  From  both  sets  of 

experimental  data,  L2M4,5M4  5  and  L2M2  3M4,5  spectra,  £ 
values  larger  than  those  predicted  by  equation  V-3  are 
obtained.  Only  Ge02  has  a  PCI  Shift  (£  =  0.28  au)  of  the 
diagram  Auger  transition  to  the  final  state  M4  5M4  5  which 
agrees  reasonably  with  the  value  of  £  =  0.32  au  given  by 
the  theory.  Figure  V-15  shows  the  plot  of  the  spectator 
satellite  peak  corresponding  to  the  M4  5M4  5  final  state 
relative  to  the  unshifted  ^4  (L2M4,5M4,5^  Auger  line 

versus  the  excess  energy.  It  does  not  show  the  linear 

.  .  ft  3 

dispersion  that  was  observed  by  Brown  et  al.  The 

behavior  of  the  shift  is  very  similar  to  the  shift 

observed  for  the  Auger  transition  to  the  M2  3M4  5  final 

state  suggesting,  then,  that  in  both  cases  the  processes 

may  be  quite  similar. 

The  appearance  of  PCI  effects  and  of  the  spectator 
Auger  satellites  in  Ge(CH3)4,  06^385)4  and  GeH4  can  be 

explained  as  follows.  The  energy  of  the  incident 

radiation  (hv  =  1253.64  eV)  is  less  than  the  threshold 

value  of  the  L2  binding  energy  therefore  it  is  reasonable 
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to  presume  that  the  electron  has  been  excited  to  a 
Rydberg  or  antibonding  molecular  orbital,  which  is  an 
unoccupied  bound  level.  This  excited  state  decays  through 
a  radiationless  process  following,  say,  two  channels  of 
comparable  probability.  Both  channels  consist  of  an  Auger 
process.  It  is  possible  that  when  an  electron  from  a  M4  5 
level  fills  the  hole  in  the  level  with  emission  of  an 
Auger  electron,  the  change  in  the  nuclear  potential  felt 
by  the  Rydberg  electron  (the  nuclear  charge  becomes  more 
screened  by  the  additional  electron)  causes  this 
excited  and  loosely  bound  electron  to  move  slowly  out  of 
the  molecule  (the  process  can  be  considered  analogous  to  a 
relaxation  process).  The  Auger  electron,  therefore, 
interacts  with  the  slow  electron  gaining  kinetic  energy 
with  an  asymmetric  probability  distribution  which  is 
typical  of  PCI  effect.  The  feature  present  at  higher 
kinetic  energy,  and  which  resembles  a  normal  Auger 
transition,  is  the  so-called  spectator-Auger  satellite 
wherein  the  atomic  core  vacancy  becomes  filled  through  an 
Auger  transition,  and  the  excited  electron  is  undisturbed 
in  its  excited  level.  In  effect,  an  excited  neutral 
species  is  undergoing  an  Auger  transition  with  a 
characteristic  energy  which  is  different  from  that  of  the 
normal  ionic  precursor  state  to  the  Auger  process.  The 
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two  decay  modes  are  illustrated  in  Figure  V-16.  When  the 
energy  of  the  incident  photons,  hv,  is  very  much  below  the 
I»2  threshold,  as  in  the  case  of  GeF^  and  GeCl^,  the 
excited  state  reached  by  the  L2  electron  will  be  of  lower 
energy.  This  state  is  a  more  stable  state  with  a  longer 
lifetime.  It  is  then  possible  that  the  excited  state  will 
not  be  affected  by  the  fast  change  in  potential  produced 
by  the  Auger  process,  and  that,  as  a  consequence,  the 
probability  for  the  PCI  interaction  becomes  very  small,  so 
only  the  spectator  Auger  satellite  is  observed. 

When  the  final  state  of  the  Auger  process  changes 
from  M4  5M4  5  to  M2  3M4  5,  a  different  relaxation  may  be 
felt  by  the  Rydberg  electron.  The  process  giving  rise  to 
a  PCI  effect,  shown  in  Figure  V-16  for  the  M4  5M4  5  final 
state,  may  not  occur  for  the  M2  3M4  5  final  state  and  only 
the  satellite  structure  due  to  the  Auger  process  in 
presence  of  a  spectator  electron  in  an  excited  state  is 
observed.  The  process  in  the  two  different  final  states 
is  illustrated  in  Figure  V-17.  It  seems  possible  that  the 
relative  probability  of  the  PCI  and  spectator  satellite 
processes  depends  on  the  lifetime  of  the  excited  state  and 
on  the  incident  energy  which  selects  the  excited  state. 

The  results  in  Figures  V-14  and  V-15  can  be  explained 
by  screening  effects.  Increasing  negatively  the  excess 
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Figure  V-16.  Spectator  Auger  satellite  and  Post 
Collision  Interaction  (PCI)  processes  associated  with 
the  final  state  5 
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Figure  V-17.  Spectator  Auger  satellite  process  associated 


with  final  states  5  5  an<^  M2  3  M4  5 
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energy,  that  is,  increasing  chemically  the  binding  energy 
of  Ge  2p-^/2'  the  l2  electron  is  actually  excited  to  a 
lower  unoccupied  Rydberg  level,  Ry,  (Figure  V-17).  As  a 
consequence,  the  spectator  electron  will  more  effectively 
"screen"  the  Auger  electron  yielding  a  greater  increase  in 
the  kinetic  energy  of  the  outgoing  Auger  electron.  The 
peculiar  behavior  of  GeCl4  in  both  cases,  M2,3M4,5  and 
m4  5M4  5  spectator  satellites,  could  be  attributed  to  its 
large  relaxation  energy  (Chapter  IV)  which  strongly 
determines  the  kinetic  energy  of  the  Auger  electron.  It 
is  possible  that  the  effect  of  the  spectator  electron  on 
the  kinetic  energy  of  the  Auger  electron  is  small  compared 
to  the  relaxation  process  and  so  the  extent  of  the  shift 


is  decreased. 

A  complication  for 

this 

argument  is  that 

Ge(C2H5 

also 

has  a 

large  relaxation 

energy  and  should 

behave 

similarly  to  GeCl^.  However 

in 

this  case,  because 

of  the 

small 

excess 

energy,  the 

L2 

electron  will  be 

excited 

to  a 

higher 

unoccupied 

level  producing  less 

screening  and  consequently  smaller  shift. 

E.  Conclusions 

O  O 

In  agreement  with  what  observed  by  Brown  et  al.OJ 
this  work  has  shown  that,  as  the  incident  photon  energy 
varies  through  the  threshold  region,  the  ^G^  diagram  line 
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of  the  m4/5^4/5  final  state  is  shifted  to  higher  energy, 
and  it  assumes  an  asymmetric  shape  indicative  of  a  PCI 
effect.  Above  this  shifted  diagram  line  a  spectator 
satellite  appears,  which  persists  even  after  the  intensity 
of  the  diagram  line  has  vanished,  which  occurs  about  5  eV 
below  the  threshold  as  illustrated  by  the  behavior  of 
GeCl^  and  GeF^ .  Previously  unobserved  is  the  evidence 
shown  here  of  the  different  behavior  exhibited  for  the 
3m4,5  an<^  m4  5m4  5  final  states.  In  the  case  of  the 
m2  3m4  5  final  state  it  seems  that  only  the  Auger 
spectator  satellite  effect  occurs  as  is  suggested  from  a 
comparison  of  the  shifts  obtained  for  the  L2M2  3M4  5  Auger 
spectra  and  the  spectator  satellites  in  the  L2M4  5M4  5 
Auger  spectra.  In  both  cases  the  excess  of  energy  is 

quite  large  and  greater  than  the  natural  line  width  of  the 
inner  shell  =  0.95  eV)  level.  Therefore  the 

conditions  necessary  for  the  observation  of  the  Raman 

•  •  O  O 

linear  dispersion,  which  requires  that  the  change  in 
photon  energy  is  of  the  order  of  r#  are  not  fulfilled. 

When  the  excess  of  energy  e  is  changed  by  more  than  r#  the 
electron  in  the  L2  level  may  be  excited  to  different 

unoccupied  levels  lying  close  to  each  other,  yielding 
different  spectator  satellite  shifts  (see  Table  V-l ) . 

Also,  because  different  molecules  are  being  studied,  the 
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unoccupied  levels  reached  by  each  of  the  transitions  are 
different.  The  screening  effect  of  the  excited  electron 
is  different  and  dependent  on  the  excited  orbital  in  which 
it  has  been  placed.  The  concept  of  "screening"  can  also 
be  used  to  explain  the  different  shifts  obtained  for  the 

m2  3m4  5  anc^  f°r  ^4  5m4  5  sPectator  satellites. 

An  interesting  question  which  arises  from  the  above 
results  is  why  the  Auger  transition  to  the  M2  3M4  5  final 
state  does  not  show  any  PCI  effect  as  compared  to  the 
m4  5m4  5  Auger  transition.  This  observation  contradicts 
the  generally  accepted  belief  that  the  PCI  effects  are 
determined  only  by  the  slow  electron  (photoelectron  in 
this  case)  and  are  not  influenced  by  the  fast  electron 
which  means  that  only  the  initial  state  is  important  in 
such  effects. 

It  would  be  interesting  to  compare  these  results 
obtained  by  "chemical  tuning"  of  the  threshold  energy, 
with  results  obtained  by  changing  smoothly  the  ionization 
energy  across  a  fixed  threshold  energy,  using  for  example, 
synchrotron  radiation.  With  this  technique  the  relaxation 
effects  would  not  vary  through  the  experiment  because  the 
same  molecule  would  be  probed  with  different  excitation 
energies . 


? 
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CHAPTER  VI 


TIN  M4,5N4,5N4,5  AUGER  SPECTRA  OF 
Sn(CH3)4  AND  CSn(CH3)3]2 


A.  Introduction 

The  MNN  spectra  of  Tin  compounds  have  many 
similarities  with  the  LMM  spectra  discussed  above  for 
Germanium  compounds.  The  M4  3N3  3N3  3  peaks  are  extremely 
broad  because  of  the  N3  3N4  3N4  5  " super-Coster-Kronig" 
Auger  transitions  in  which  the  initial  state  hole  and  both 
final  state  holes  are  in  the  same  shell.  These 
transitions  cause  N3  3  lifetime  broadening  of  up  to  20 
eV.  Except  for  the  M4  3N4  ^N4  3  transitions  all  the 
other  MNN  spectra  are  quite  weak  and  broad,  so  only  the 
m4  5n4  5^4  5  Auger  transitions  which  have  sharp  peaks  will 
be  analyzed  in  this  work. 

The  M4  3N4  5N4  5  spectra  are  more  complicated  than 
the  L3  3M4  5M4  3  spectra  because  the  M4-M5  separation  is 
smaller  than  the  L2~L3  separation  so  the  M4  and  groups 
partly  overlap.  Also  in  contrast  to  the  L2  3M4  5 
spectra,  which  showed  the  same  appearance  for  the  two 
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groups  Ij2~  and  L3-,  here  the  corresponding  M4-  and  M5- 
^4,5^4, 5  spectra,  even  if  the  final  states  for  the 
transitions  are  the  same,  have  different  shapes  because 
the  matrix  elements  for  the  transitions  from  different 
initial  states  to  the  same  final  states  are  different. 

The  Sn  M4  5N4  5N4  5  inner  shell  Auger  spectra  of 
Sn(CH3)4  and  [SnCCf^^^  were  obtained  and  analyzed  with 
comparison  to  the  spectrum  of  Tin  metal  reported  by  Pessa 
et  al.  With  the  same  approximations  used  for  Germanium 
compounds,  the  relative  energies  and  intensities  were 
calculated  and  compared  to  the  experimental  data.  The 
energy  calculations  were  based  on  both  Russell-Saunders 
(LS)  and  intermediate  coupling  ( IC )  of  final  hole 
states.  The  intensity  calculations  were  based  on  a  mixed 
coupling  scheme.  Relaxation  contributions  were  deduced 
from  a  comparison  of  Auger  and  core  level  measurements. 

B .  Experimental 

Tin  compounds,  SnCCf^^  and  [SntCt^^^/  were 
obtained  from  ALFA  Products  and  used  without  further 
purification.  The  Auger  spectra  of  the  vapors  were 
excited  by  incident  electrons  with  energy  of  2.5  KeV 
produced  by  an  electron  gun.  The  spectra  were  calibrated 
with  reference  to  the  Argon  L3M2 , 3M2 , 3 ^ ^D2 ^  Auger  line 


! 
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203.49(05)  eV  kinetic  energy  an(j  Neon  KL2  3L2  3^D2^ 
Auger  line  (804.557(17)  eV  kinetic  energy ).^  The  Sn  3d 

and  4d  photoelectron  lines  were  excited  by  A1  Ka^  2 

radiation  (1486.6  eV ) . ^  The  3d  lines  were  calibrated 
with  respect  to  Ne  KL2  3L2  3(^2)  Auger  line  and  Ne  Is 
photoelectron  line  (870.312(17)  eV  binding  energy). The 
Tin  4d  lines  were  calibrated  with  respect  to  the  Ne  2s 

(48.42(5)  eV  binding  energy)®  and  the  Ne  2p  (21.59  eV 

O 

binding  energy)  photoelectron  lines. 

C.  Theory 

The  kinetic  energy  of  the  M4  5N4  5N4  5  Auger 

50  . 

electrons  is  given  by  an  expression  similar  to  equation 
IV-1 . 


E<M4,5N4,5N4,5-  X>  =  E<M4,5>  "  E<N4,5>  "  E'N4,5> 

-  F(N4(5N4j5;  X)  +  RsT(N4j5N4j5)  VI-1 

where  E(M^  5),  E(N^  5)  are  the  core  level  binding  energies 
directly  measurable  by  XPS.  F(N^  5N4  5;  X)  describes  the 
interaction  energy  betwen  the  two  N4  5  holes  in  the  final 
state  X.  RST(N4  5N4  5)  is  the  total  static  relaxation 
energy.  F(N4  5N4  57  X)  can  be  calculated  using  standard 


’ 
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multiplet  coupling  theory. Because  the  final  state 
N4,5N4,5  ^as  an  electronic  configuration  d“^,  the  same  as 
for  a  M4/5M4^5  final  state,  the  number  of  terms  arising  in 
pure  LS  coupling  are  again  five;  ^S,  ^G,  ^P,  ^D,  and  ^F. 

The  general  expressions  for  the  energy  of  each  term^  are 
the  ones  already  given  in  IV-5.  In  intermediate  coupling 
(IC)  the  five  levels  split  into  nine  states.  Guided  by 
successful  results  on  Xenon  and  Cadmium'  ,  which  are 
close  to  Tin  in  the  periodic  table,  the  mixed  coupling 
scheme  '  applying  jj  coupling  for  the  initial  state, 
and  intermediate  coupling  for  the  final  state,  was  used  to 
calculate  the  relative  intensities  of  the  line 
components.  In  the  calculations  of  the  energies  of  the 
final  state  levels  in  intermediate  coupling,  the 
expressions  in  equation  IV-5  were  used  together  with  the 

I 

spin-orbit  matrix  element  from  Condon  and  Shortley. 

Numerical  values  of  the  spin-orbit  parameters  were  taken 

•  57 

from  the  theoretical  calculations  of  Huang  et  al. 
Solutions  of  the  corresponding  secular  equations  yielded 
the  interaction  energy  F(N^  5N4  5;  X)  of  the  various 
levels  in  intermediate  coupling  and  also,  corresponding  to 
each  of  those  energy  values,  the  mixing  coefficients. 
These  coefficients  were  used  to  obtain  the  intensities  for 
the  transitions  to  the  different  levels  in  intermediate 


. 
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coupling,  in  terms  of  the  umperturbed  Russell-Saunders 
89  9 

amplitudes  (( amplitude ) z  =  intensity).  The  relaxation 

m 

term  Rs  'N4,5N4,5^  was  calculated  in  the  same  way  as  for 
the  Germanium  spectra.  It  was  divided  into  atomic 

Rsa<N4,5N4,5>  and  extraatomic  Rs6a^N4  5N4  5^ 

39 

contributions 


<N4,5N4,5> 


ks 


(N4  5^4  5  ^ 


ea 


(N 


4 , 5N4 , 5 


)  VI-2 


The  atomic  term  was  set  equal  to  twice  the  dynamic 

relaxation  which  accompanies  photoemission  '  and  which 

can  be  obtained  from  the  optimized  Hartree-Fock-S later 

fin 

results  of  Rosen  and  Lindgren.  Because  calculations 

were  not  available  for  Tin,  the  results  for  Iodine  were 

used  which  gave  Rga(N4  5N4  5 )  ^  =  9.24  eV.  The 

corresponding  quantity  for  Tin  was  estimated  by 

subtracting  from  Rga(N4  5N4  the  contribution  to  the 

atomic  relaxation  arising  from  the  three  extra  5p 

electrons  for  Iodine.  This  correction  was  estimated  in 

the  way  described  in  Chapter  IV  for  Germanium,  using  the 

30  31  58 

equivalent  cores  approximation  '  '  and  Mann's 

5  3 

tables.  From  the  appropriate  terms  for  Iodine,  the 

corresponding  terms  for  the  equivalent  core  atom  Te  were 


subtracted 


■ 


210 


AR5p  =  LF°(4d5p)-  y?G1(4d5p)-  |uG3(4d5p)]I 

VI -3 

-  LF° ( 4d5p ) -  (4d5p)~  y^G3 ( 4d5p ) ]Te 

Because  of  the  non-linearity  of  the  Slater's  integrals 
lc 

and  G  with  the  atomic  number,  equation  VI-3  gave  three 

different  values  for  the  relaxation  contribution  of  the  5p 

electrons  when  calculated  for  Te,  Sb  and  Sn;  (AR5p(Te)  = 

0.82  eV,  AR5p(Sb)  =  0.93  eV,  AR5p(Sn)  =  1.02  eV).  The 

average  of  the  three  was  taken,  multiplied  by  3  and 

subtracted  from  the  above  value  for  Rsa(N^  5N4  5)]-  giving 

Rsa  (N4 , 5N4 , 5 )  sn  =  ^.47  eV.  Using  equation  IV-9  with  the 

appropriate  factors  f(AX')  and  g^(jUt')39  and  the 

appropriate  Slater's  integrals,  an  outer  shell 

contribution  of  3.9  eV  and  an  intrashell  contribution  of 

3.6  eV  to  the  atomic  relaxation  were  obtained. 

Differently  from  Germanium,  the  intrashell  electrons  4d 

and  the  outer  shell  electrons  5s  and  5p  produced  almost 

the  same  relaxation  contribution. 

Following  the  same  approach  used  for  Germanium  in 

Chapter  IV,  the  extraatomic  relaxation  was  given  by  the 

two-electron  interaction  between  a  5p  and  a  4d  electron 

5  2 

expressed  as  a  combination  of  Slater's  integrals 


*s 


\ 
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RS6a(N4/5N4,5)  =  F°(4d5p)  -  y^G1(4d5p)  -  |uG3(4d5p) 

The  use  of  Slater's  integrals,  given  in  Mann's  tables, ^ 
yielded  Rgea(N4  5N4  g)  =  9.57  eV.  Combining  the  two 
contributions  Rga(N4  gN4  g)  and  Rgea(N4  gN4  5),  the 
calculated  total  static  relaxation  for  Tin  is 

RsT(n4, 5n4, 5)  =  16.04  eV 

The  intensities  of  various  M4  gN4  gN4  g  lines  were 
calculated  in  the  mixed  coupling  scheme  with  jj  coupling 
for  the  initial  state  and  with  both  LS  coupling  and 
intermediate  coupling  for  the  final  state.  The  transition 
rates  for  LS  coupling  in  the  final  state  were  obtained 

OQ 

directly  from  the  expression  given  by  El  Ibyari  et  al. 
using  the  direct  and  exchange  matrix  element  calculated  by 

(1  A 

McGuire.  The  transition  rates  for  intermediate  coupling 
in  the  final  state  were  calculated  following  the  procedure 

OO 

outlined  by  Hagmann  et  al.  using  the  mixing  coefficients 
obtained  from  the  energy  matrices  and  the  amplitudes  in  LS 
coupling. 


< 
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D .  Results  and  Discussion 

The  binding  energies  of  3d  and  4d  photoelectrons  and 
the  kinetic  energies  of  the  M4  5N4  5N4  5  (1G4,  1D2)  Auger 
lines  are  given  in  Table  VI-1  along  with  the  corresponding 
values  for  Tin  metal.  Spin-orbit  splittings  are  the 

same  for  each  system  within  the  experimental  error.  The 
spin-orbit  splitting  A33  obtained  from  the  measured  Auger 

M5N4,5N4,5  (1<34'  1°2)  and  M4N4,5N4,5  (1q4'  1d2>  lines  ( A3d 
=  8.52  eV)  is  slightly  larger  than  that  obtained  directly 

from  the  photoelectron  measurements  (A33  =  8.39  eV ) .  The 

disagreement  could  be  due  to  the  lack  of  resolution  of 

the  ^D2  and  ^G4  lines  and  concomitant  fitting  errors.  For 

the  spin-orbit  splitting  A4(3  a  value  of  1.18  eV  was 

obtained.  Both  splittings  A2(3  and  A^  agree  with  the 
.  .  .  54 

compilation  by  Sevier.  Experimental  and  calculated 

spectra  of  Sn(CH3)4  and  [SnCCf^^^  are  shown  in  Figures 

VI-1  and  VI-2  respectively.  The  calculated  spectra  were 

.  •  •  75 

obtained  by  a  curve  simulation  programme  using  widths  as 

derived  from  the  deconvolution  of  the  experimental  data 

and  positions  and  areas  as  required  by  the  calculated 

mixed  coupling  intensity  results.  Each  Auger  group  in  the 

experimental  spectra  was  decomposed  into  six  component 

lines  by  means  of  the  least  squares  programme^0  employing 

a  Lorentzian  line  shape  with  a  constant  tail.  As  for  the 
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Sn  (CH3)4  M4, 5  N4>  5  N4i  5  Auger 


KE  (eV) 

Figure  VI-1.  Experimental  and  calculated  (IC)  ^ 

Auger  spectra  of  Sn(CH^)^  vapor.  The  experimental  spectrum 
was  excited  with  2.5  keV  electrons  at  a  sample  pressure 
of  ly.  The  peak  of  the  calculated  spectrum  has 

been  arbitrarily  aligned  with  the  experimental  energy. 


COUNTS  x  10  /  8  sec 
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Sri2 (CH3)6  M4>5N4j5N4>5  Auger 


Figure  VI-2.  Experimental  and  calculated  (IC)  M4  5N4f5N4^5 
Auger  spectra  of  [Sn(CH3)3]2  vapor.  The  experimental 
spectrum  was  excited  with  2.5  keV  electrons  at  a  sample 
pressure  of  ly .  The  M5(1G4)  peak  of  the  calculated  spectrum 
has  been  arbitrarily  aligned  with  the  experimental  energy. 
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Germanium  compounds  the  Gaussian  lineshape  gave  a  poorer 
fit  of  the  data.  A  FWHM  value  of  0.96  eV  was  used  for  the 
single  peaks  and  a  slightly  larger  value  of  1.12  eV, 

obtained  for  the  M5N4  5N4  5  (1G4,  1D2)  line  in  the 

Sn(CH3)4  spectrum,  was  used  for  all  the  other  unresolved 
double  peaks.  For  the  experimental  spectrum  of  Sn(CH3)4 
(Figure  VI -1)  the  two  broad  peaks  centered  at  408.17  eV 
(FWHM  =  25  eV)  and  413.16  eV  (FWHM  =  2.4  eV ) ,  which  are 
necessary  to  give  a  good  fit,  can  be  associated  with 
indetermined  shake-off  which  becomes  part  of  the 
background.  For  the  same  reason  it  has  been  necessary  to 
include  three  broad  peaks  in  the  spectrum  of  [Sn(CH3)3]2 
shown  in  Figure  VI-2.  In  this  case  they  are  centered  at 
409.79  eV  (FWHM  =  13.5  eV),  415.14  eV  (FWHM  =  2.4  eV)and 
422.66  eV.  (FWHM  =  4.4  eV )  .  Similar  features  were  also 

observed  in  some  KLL  Auger  spectra.  The  arbitrary 

location  of  these  extra  peaks  could  affect  the  ratios  of 
the  diagram  lines.  They  also  could  account  for  the 
observation  that  the  1 (M5^4 # 5N4 ^ 5 ) /I (M4N4^ 5N4 # 5 )  intensity 
ratios  of  1.64  and  1.77  for  Sn(CH3)4  and  [Sn(CH3)3]2 
respectively  are  both  greater  than  the  statistical  value 
of  1.5.  The  relative  kinetic  energies  of  the  Auger  lines 
are  given  in  Table  VI-2.  These  data  show  a  good  overall 
agreement  between  the  relative  energies  of  the  Auger 
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Table  VI-2.  Experimental  Relative  Kinetic  Energies  of  the 

Tin  5N4  5N4  5  Auger  Lines  for  Tin  Compounds 


Transition  Final 

State  Terms 


Sn(CH3)4  [Sn ( CH3 ) 3 ] 2  Sn(Metal)a 
( eV )  ( eV )  ( eV ) 


M4N4,5N4,5 


'0 


D- 


0 


M5N4,5N4,5 


•0 


D' 


0 


a.  Relative  to  Fermi  level 


-4.25 

-4.38 

-4.08 

0.00 

0.00 

0.00 

0.53 

0.74 

0.41 

1.32 

1.46 

1.31 

2.19 

2.35 

2.34 

2.98 

3.42 

2.84 

-4.46 

-4.15 

1 

• 

4^ 

00 

0.00 

0.00 

0.00 

0.66 

0.75 

0.77 

1.42 

1.47 

1 . 53 

2.36 

2.35 

2.30 

3.38 

3.33 

3.34 

Ref.  87. 

\ 
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components  for  the  three  different  systems.  The  largest 
deviations  are  observed  for  the  1Sq  (m4 , 5n4 , 5n4 , 5 ^  and 
the  F4  (M4N4, 5^4,5)  components.  Although  the  energy 
shifts  between  different  terms  should  be  the  same  in  the 
M4  and  M5  groups,  the  differences  observed  here  are  due  to 
the  limited  resolution  of  certain  lines  and  to  the 
inability  of  the  decomposition  procedure  to  separate 
closely  spaced  lines.  Therefore  it  is  assumed  that  these 
differences  do  not  have  any  physical  significance.  The 
calculated  energies  relative  to  the  level  of  the 

N4,5N4,5  fi-nal  state  configuration  are  given  in  Table  VI-3 
in  LS  and  in  intermediate  coupling  (IC).  In  the  LS 
coupling  scheme,  the  spin-orbit  diagonal  elements  have 
been  included  in  the  calculations.  From  a  comparison  of 
Table  VI-2  with  Table  VI-3,  it  appears  that  there  is  a 
good  agreement  between  the  experimental  and  calculated 
values  in  intermediate  coupling,  except  for  the  ^Sq  and 
the  F4  states  which  were  quite  poorly  resolved  in  the 
spectra.  Absolute  transition  energies  were  calculated 
semiempirically  from  equation  VI-1  using  the  experimental 
core  level  binding  energies  given  in  Table  VI-1  and  the 
relation 


EN4_5  -  EN4  S4d 


VI-5 


/ 
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Table  VI-3.  Calculated  Relative  Kinetic  Energies  of  the 

m4  5n4  5n4  5  Auger  Lines  of  Tin 


Final 

State  Terms 

LSa 

(eV) 

ICb 

lso 

-4.45 

-4.78 

1q4 

0.00 

0.00 

1d2 

1.04 

0.13 

3p0 

0.25 

0.60 

3pl 

0.51 

0.54 

3P 

p2 

1.01 

1.43 

3f 

f2 

1.97 

2.56 

3f 

f3 

2.74 

2.77 

3f 

F4 

3.76 

3.86 

a.  LS  coupling  plus  diagonal  contributions  from  the  spin- 
orbit  interaction. 

b.  Intermediate  coupling. 
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where  is  the  spin-orbit  parameter.  The  F(N^  5N4  5;  X) 

terms  obtained  in  the  intermediate  coupling  scheme  were 
used,  the  RgT(N^  5N4  g)  term  was  neglected.  The  values 
obtained  in  this  way  are  listed  in  Table  VI-4  and  VI-5 
along  with  the  experimental  energies.  The  average 
deviation  of  experimental  from  calculated  values  is  10.46 
(±0.60)  eV  for  Sn(CHg)^  and  11.41  (±0.65)  eV  for 

These  large  differences  arise  from  the 
neglect  of  the  RgT(N4  5N4  5)  term  in  equation  IV-1  and 
these  differences  can  be  considered  equal  to  the  "static 
relaxation"  contribution.  The  static  relaxation  term  found 
in  this  way  is  smaller  than  the  theoretical  value 
calculated  above  by  5.5  eV  for  SntCHg)^  and  4.6  eV  for 
[Sn ( CH3 ) 3 ] 2 • 

In  the  case  of  Tin  metal  the  average  static 
relaxation  of  16.27  eV  obtained  by  the  same  analysis  of 
each  line  agrees  well  with  the  theoretical  value  of  16.04 
eV  calculated  above.  It  is  notable  that  this  static 


relaxation 

term 

is 

consistent  throughout  the  various 

mu It iplets 

for 

any 

one 

molecule  indicating 

that  the 

multiplet 

state 

effect 

contributions  are 

adequately 

described  by  the  coupling  term.  Furthermore  the  M4  and  Mg 
sets  gave  the  same  results  so  the  contributions  are 
independent  of  the  initial  state. 


'  ‘ .  J- 
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Table  VI -4.  Calculated  and  Experimental  Tin  5N4  5N4  5 

Auger  Energies  for  Sn(CH3)4 


Transition 


Final  State  Calculated  Experimental 

Terms  Energies  (eV)  Values  (eV) 


M4N4,5N4,5 


M5N4 , 5N4 , 5 


408.96 

413.76 

413.89 
414.36 

414.30 

415.19 
416.32 

416.52 

417.62 

400.56 

405.34 

405.47 

405.94 

405.88 

406.77 

407.90 

408.10 

409.20 


420.14 

424.39 

424.92 

425.71 

426.58 

427.37 

411.42 

415.88 

416.54 

417 . 30 

418.24 

419.26 
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Table  VI-5.  Calculated  and  Experimental  Tin  5N4  5N4  5 

Auger  Energies  for  [SnCCf^^^ 


Transition  Final  State  Calculated  Experimental 

Terms  Energies  (eV)  Values  (eV) 


M4N4,5N4,5 


McN 


5LN4 ,  5^4 , 5 


409.11 
413.89 

414.02 

414.49 

414.43 

415.32 

416.45 

416.65 
417.75 

400.74 

405.52 

405.65 

406.12 

406.06 

406.95 

408.08 

408.28 

409.52 


421.03 

425.41 

426.15 

426.87 

427 . 78 

428.83 

412 . 73 

416.88 

417.63 

418.35 

419.30 

420.21 
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The  approach  used  above  to  obtain  the  relaxation 
terms  is  equivalent  to  the  use  of  the  Auger  parameter  as 
defined  by  Lang  and  Williams^  and  described  in  Chapter  IV 

l  =  E(Ma)  -  E(Nb)  -  E(NC)  -  E(MaNbNc;  X)  VI -6 


and  also 


5  =  F(N4i5N4(5;  X)-RsT(N4>5N4|5)  VI -7 

Focussing  only  on  the  strongest  feature  in  the  Auger 
spectrum,  the  principal  line  of  the  M5N4  5N4  5  group, 

the  position  of  which  is  better  defined,  and  using  the 
experimental  ECSd^^)  energy  for  E(Ma),  the  experimental 
E(4d3/2)  energy  minus  the  spin-orbit  parameter  £  for  E(Nb) 
and  E(NC),  and  the  coulombic  term  F(N^  5N4  5;  ^4) 
obtained  in  the  IC  scheme,  the  total  relaxation  values  of 
11.14  eV  in  the  case  of  [SnlCH^)^^  and  10.43  eV  in  the 
case  of  Sn(CH3)4  (Table  VI-6)  were  obtained.  The  data  of 
Pessa  et  al.®^  for  Sn  metal  gave  RgT(N4  5N4  3)  =  16.18  eV 
for  the  same  analysis.  Similar  analysis  of  the  ^4  line 
of  the  M4  group  using  E(3d3/2)  gave  results  in  good 
agreement  with  those  derived  from  the  M4  set.  Assuming 
now  that  the  atomic  relaxation  contribution  is  constant. 


£ 


•v  : 
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Table  VI-6.  The  Auger  Parameter  and  Relaxation  Terms  for 

Tin  Species 


Sn(CH3 )4 
(eV) 

[Sn(CH3)3]2 

(eV) 

Sna  metal 

(eV) 

1°  m5(1g4) 

13.36 

12.65 

7.61 

1  m4(1g4) 

13.27 

12.48 

7.61 

rTS(N4, 5N4, 5 

)c  m5 

10.43 

11 . 14 

16.18 

m4 

10.52 

11.31 

16.18 

Reaq (N4  sN4f 

5>d  «5 

3.96 

4.67 

9.71 

m4 

4.05 

4.84 

9.71 

A£  =  2ARV 

m5 

0 

0.71 

— 

m4 

— 

0.79 

— 

> 

& 

< 

— 

0.36 

— 

(a)  Experimental  values  from  Ref.  87. 

(b)  Calculated  from  equation  VI-6. 

(c)  Calculated  from  equation  VI-7,  taking  F(N^  5N4  5;  04) 

=  23.79  eV. 


(d) 


Calculated  from  equation  VI-2, 
6.47  eV. 


taking  Ras (N4 , 5N4 , 5  )  = 
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(independent  of  the  environment  of  the  atom)  the 
extraatomic,  environment  sensitive,  portion  can  be 
extracted  by  subtracting  the  Rga  term  evaluated  above 
(6.47  eV )  from  the  RgT  terms  leaving  the  residuals  which 
are  given  as  Rgea  in  Table  VI-6.  For  metallic  Tin  this 
residual  (extraatomic  relaxation)  value  of  9.71  eV  is  in 
good  agreement  with  the  theoretical  estimate  of  9.57  eV 
derived  in  Section  C.  This  extraatomic  relaxation  value 
permits  the  prediction  of  the  solid-vapor  shifts  in 
binding  energy  and  Auger  energy  by  noting  that  Lang  and 
Williams'"*1  Auger  parameter  (equation  VI-6)  is  independent 
of  the  physical  state.  By  the  same  analysis  done  in 
Chapter  IV  for  Germanium,  the  solid-vapor  difference  in 
the  Auger  parameter  is  given  by: 


AC  =  CSOlid  "  £gaS  =  RsSa(N4,5N4,5)  =  9*71  eV 


oo 

which  is  approximately  2aRv  (the  outer  shell  relaxation 
shift  associated  with  the  formation  of  a  single  core  hole) 

O  O 

therefore  aRv  =  4.85  eV.  Applying  the  relation 


E 


B  " 


-V 


R 


IV-14 


/ 


«'  <- 


\ 
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and  assuming  that  the  core  potentials  (V)  are  insensitive 

C  Q  Vs 

to  the  state,  D  gives  for  the  binding  energy  solid-vapor 
shifts 


AEBsolid~gas 


_Rsolid  +  Rgas 


=  -ARsolld  gas  =  -4.85  eV 


and  the  binding  energy  should  be  higher  in  the  vapor  state 
by  about  4.85  eV. 

Parallel  arguments  yield  for  the  Auger  solid-vapor 
shifts 


solid-gas  _  3Rsolid 
Au 


3Rgas 


=  3 ( ARsolid“gas)  =  14.55  eV 


with  the  Auger  energy  lower  by  14.55  eV  in  the  gaseous 
state.  These  estimated  shifts  seem  to  be  quite  reasonable 
being  in  the  same  energy  range  of  shifts  observed  for  Ag, 
Zn  and  Cd.^3f74,75  These  results  suggest  that  the 
estimated  values  of  the  extraatomic  relaxation  are 
reasonable.  It  seems  plausible  to  consider  also  the 
corresponding  terms  for  Sn(CH3)4  and  [Sn(CH3)3]2  to  be  an 
evaluation  of  the  contributions  of  molecular  effects. 
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The  values  in  Table  VI-6  show  the  expected  trend;  the 
total  static  relaxation  contribution  increases  from 
Sn(CH3)^  through  [Sn^H^)^^  to  metallic  Tin,  in  the  order 
of  increasing  complexity  of  the  environment.  The 
difference  between  SnCci^)^  and  [SnCCH^)^^  can  be  related 
to  the  molecular  effects  arising  from  the  replacement  of  a 
CH^  group  with  a  (CH^J^Sn  group.  It  may  be  due  to  the 
difference  in  the  delocalization  of  the  Tin  4d  and  5p  as  a 
result  of  chemical  bonding  with  the  Carbon  and/or  Tin. 
The  extraatomic  relaxation  terms  (Table  VI-6)  of  3.96  eV 
in  SnCCH^)^  and  4.67  in  [SnCCH^)^^  can  then  be  attributed 
to  the  contribution  of  the  electrostatic  interaction  of 
the  additional  valence  shell  electrons,  provided  by  the 
substituents  bonded  to  the  atom  of  interest,  with  the  4d 
electrons.  The  largest  contribution  arises  from  metallic 
Tin  in  which  the  conduction  band  provides  a  mobile  supply 
of  electrons  which  can  respond  to  the  increased  effective 
core  charge.  The  supply  of  electrons  is  more  restricted 
in  the  two  molecules  relative  to  metallic  Tin  presumably 
because  of  the  effective  electronegativity  of  the 
substituents.  It  can  then  be  concluded  that  the  SnCCH^)^ 
group  has  a  lower  effective  electronegativity  than  CH3 
probably  because  Tin  has  a  lower  electronegativity  than 
Carbon.  The  model  as  it  stands  does  not  recognize  the 
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effects  of  redistribution  of  the  5p  electrons  (two  from 
the  atomic  configuration  and  extra  charge  from  the 
surrounding).  For  this  reason  the  atomic  and  especially 
the  extraatomic  relaxations  are  overestimated  by  the 
calculations.  If  a  proper  detailed  analysis  can  be 
performed,  the  relaxation  term  could  provide  insight  into 
electron  distributions  in  molecular  systems. 

The  calculated  relative  intensities  of  the  Auger 
components  in  the  and  groups  are  given  in  Table  VI-7 
along  with  the  experimental  values.  The  IC  results  are  in 
better  agreement  with  experiment  in  all  cases  except  that 
the  calculated  (IC)  intensity  of  the  peak  due  to  the  sum 
of  the  jPq  and  P-^  terms  is  slightly  lower  than  the 
experimental  values  for  the  combined  unresolved  peaks 

O 

whereas  the  calculated  (IC)  intensity  of  the  P2  term  is 
slightly  larger  than  the  experimental  intensity  in  both 
the  M4  and  the  M5  Auger  groups  and  for  both  compounds. 
The  sum  of  all  P  terms  is  however  well  predicted  by  the 
IC  method.  Within  the  accuracy  of  the  spectral 
decomposition  procedure  it  seems  that  the  intermediate 
coupling  calculation  reproduces  satisfactorily  the 
experimental  intensities  for  all  three  systems  whereas  the 
LS  coupling  is  inadequate. 
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Table  VI-7.  Calculated  and  Experimental  Relative  Intensities  of  the  Tin 
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E .  Conclusions 

The  above  results  indicate  that  present  intermediate 
coupling  theory  gives  good  agreement  with  experiment  for 
the  intensities  of  the  peaks.  However,  in  order  to 
reproduce  the  absolute  energies,  a  better  treatment  of  the 
relaxation  effect  is  necessary.  This  refinement  should 
account  for  the  redistribution  of  the  valence  electrons  in 
the  molecular  environment. 

It  would  be  useful  to  have  a  comparison  spectrum  of 
atomic  Tin  in  order  to  evaluate  more  reliably  the 
contributions  arising  from  chemical  environmental  effects. 


CHAPTER  VII 


KW  VALENCE  AUGER  SPECTRA  IN  SIMPLE  MOLECULES:  OF2,  BF3 

A.  Introduction 

The  Auger  spectra  which  have  been  analyzed  in  the 
preceding  chapters  involved  only  transitions  between  core 
levels.  Those  spectra  revealed  essentially  atomic 

character  and  therefore  could  be  interpreted  by  means  of 
atomic  theory  according  to  the  appropriate  coupling 
scheme.  Core  type  spectra  have  an  internal  invariance 
with  respect  to  both  energies  and  intensities,  in  that 
they  respond  to  different  chemical  environment  with  a 
uniform  energy  shift.  Another  group  of  Auger  spectra, 
which  only  recently  has  received  some  experimental  and 
theoretical  attention,  involves  transitions  to  final 
states  wherein  both  final  state  vacancies  are  distributed 
among  the  valence  molecular  orbitals.  These  spectra 
usually  show  quite  broad  features  due  to  the  presence  of  a 
large  number  of  states,  and  also  because  the  valence 
double-hole  transitions  produce  in  general  a  considerable 
vibrational  and  dissociative  broadening.  In  addition,  the 
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analysis  of  valence  Auger  spectra  are  complicated  by  the 
interference  of  other  processes,^1  the  most  important  of 
which  are  the  "shake-off"  and  "shake-up"  transitions 
associated  with  multielectron  core  level  excitation, 
double  Auger  transitions,  autoionization  (especially  using 
electron  impact)  and  inelastic  scattering.^1  In  this 
work,  valence  level  Auger  spectra,  the  O(KVV)  and  F(KVV) 
Auger  spectra  of  OF2  and  the  B(KW)  and  F(KW)  Auger 
spectra  of  BF3  have  been  investigated.  These  spectra  are 
due  to  an  Auger  transition  from  an  initial  state  with  a 
hole  in  the  core  level  K  to  a  final  state  with  two  holes 
in  the  valence  shell  V.  The  initial  core  hole  vacancy  was 
produced  by  electron  impact  excitation.  Energies  have 
been  compared  with  the  corresponding  calculated  values. 

B .  Experimental 

OF2  gas  was  used  directly  from  a  cylinder  supplied  by 
the  Ozark  Mahoning  Chemical  Company.  The  absence  of  air 
in  the  cylinder  was  ascertained  by  scanning  the  Nitrogen 
( N2 )  and  Oxygen  (O2)  core  line  regions  with  negative 
results.  BF3  gas  was  used  as  supplied  by  Matheson.  The 
spectra  were  excited  by  incident  electrons  with  energy  of 
2.5  KeV  produced  by  the  electron  gun  described  earlier 
(Chapter  II).  The  beam  current  was  700  |jA.  The  spectra 
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were  calibrated  with  respect  to  the  Argon  3 

Auger  line  (203.49(5)  eV  kinetic  energy )^5  and  the  Neon 
^l2,3l2,3  ^d2^  Auger  line  (804.557(17)  eV  kinetic 


\  24 

energy ) . 

The  B 

Is,  F 

Is  and  0  Is 

photoelectron 

lines 

were  excited 

by  Al 

Kal,  2 

radiation  (1486.6  eV).^1  F 

Is ,  0 

Is  lines  were  calibrated 

with  respect 

to  the  Ne  KL2 

3l2 , 3 

(^2)  Auger 

line 

and 

the  Ne  Is 

photoelectron 

line 

(870.312(17) 

eV 

binding  energy  )  .  ^4 

Boron  Is 

was 

calibrated  with  respect 

to  Ar  2p3/2 

photoelectron 

line 

(248.62(8)  eV  binding  energy).^ 

C .  Theory 

,  5  Q 

The  same  expression  used  previously  for  inner  shell 
Auger  processes  can  be  applied  to  the  case  of  valence 
Auger  spectra 


eKyz  =  EKYZ  "  p(YZ)  +  R(YZ)  VII-1 

where  EKYZ  is  the  transition  energy  deduced  from  the  one- 
electron  binding  energies  E(K),  E(Y),  E(Z)  (equation 
1-23);  F(YZ)  is  the  coulombic  two-electron  interaction 
energy  describing  the  coupling  of  the  final  state  holes  in 
levels  Y  and  Z  and  R(YZ)  is  the  relaxation  energy 
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associated  with  the  two-hole  final  state.  In  this  case 
the  two  electron  interaction  energy  F(YZ)  and  the 
relaxation  energy  R(YZ)  are  defined  within  the  context  of 

Q  O 

the  MO  model.  ^  The  expression  used  for  the  coulombic 
term  is: 


F  ( YZ ) 


S  cyn  czm  F°(nm) 
n,  m 


VII-2 


2  2  . 

where  the  c^n  and  c£n  are  the  atomic  orbital  populations 
in  the  Y  and  Z  molecular  orbitals  respectively,  and  F^(nm) 
are  the  atomic  Slater's  integrals  between  the  atomic 
orbitals  n  and  m.  The  sum  in  equation  VII-2  includes  all 
atomic  orbital  contributions  to  the  molecular  orbitals, 
i.e.  orbitals  of  the  central  atom  as  well  as  those  of  the 
ligands,  and  includes  both  one-center  and  two-center 
terms.  All  the  one  center  integrals  were  obtained  from 
Mann's  tables.  Integrals  involving  two  centers  are 

calculated  using  an  approximation  by  Mataga  and 
Nishimoto^2 

2  2 

F° (nm)  =  e2[Rnm  +  +  ]  VI I -3 

n  m 


Rnm  is  the  internuclear  distance  between  the  two  centers, 
e  is  the  charge  on  the  electron,  and  fn,  fm  are  the  one 
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center  Slater  integrals.  This  approximation  takes  an 
appropriate  average  of  two  extrema;  for  large  Rnm#  F°(nm) 
=  e2/Rnm,  and  for  very  small  Rnm,  F°(nm)  =  (fn  +  fm)/2. 
The  relaxation  energy  in  the  inner  shell  Auger  processes, 
as  described  in  Chapter  IV,  is  divided  into  four 
components;  inner,  intra  and  outer  shell  components  of  the 
central  atom,  and  an  extraatomic  component  due  to 
electrons  on  the  other  atoms.  Considering  that  the 
O(KW),  F(KVV)  and  B(KVV)  Auger  processes  create  two  holes 
in  the  outermost  orbitals  distributed  in  principle  over 
the  whole  molecule,  the  previously  employed  concepts  of 
outer  shell  relaxation  and  extraatomic  relaxation 
contributions  lose  their  meaning.  A  better  model  for  the 
relaxation  energy  for  valence  Auger  processes  consists  in 
evaluating  the  intrashell  contribution  arising  from  those 
molecular  orbitals  which  contain  the  final  holes.  Inner 
shell  relaxation  contributions  can  be  assumed  to  be 
negligibly  small  in  analogy  to  the  atomic  case.  '  The 
relaxation  term  in  equation  VII-1  is  then  given^  by  the 
average  of  the  relaxation  energies  Ry  and  Rz  associated 
with  each  of  the  molecular  orbitals  Y  and  Z  which 
contribute  a  final  state  hole 


R(YZ)  =  i(Ry  +  Rz) 


VI 1-4 
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Within  the  context  of  the  MO  model,  these  relaxation  terms 
Ry  and  Rz  are  obtained  by  a  sum  of  atomic  relaxation 

,  2  ,  O 

energies  Rn  weighted  by  the  atomic  orbital  populations  Cy 
2 

and  cz  respectively,  associated  with  the  atomic  orbitals  n 
that  contribute  to  the  molecular  orbitals  involved  in  the 
Auger  process 


Ry  =  E  cynRn  VI I -5 

n 

Calculations  are  not  available  for  the  intraatomic 

relaxation  R^.  However,  the  term  R(YZ)  can  be  obtained  by 

subtraction  of  the  coulombic  interaction  F(YZ)  from  the 

Auger  parameter  £  which,  as  described  in  Chapter  III,  is 

given  by  the  difference  between  experimental  binding 

energies  and  the  Auger  energy  (equations  IV-3  and  IV-4 ) . 

The  transition  intensities  are  calculated  from  the 
92  94 

equation  ' 


-KYZ 


n,  m 


2  2 

Cyn  Czm  PKnm 


VI 1-6 


where  Cyn  and  c^m  are  the  populations  of  the  n,  m  atomic 
orbitals  on  the  central  atom  in  the  Y  and  Z  molecular 
orbitals  respectively.  pKnm  tl<ie  Auger  transition 
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probability  given  by  the  appropriate  atomic  Auger  matrix 
element  expressed  as 

PKnm  =  l<*KEA’lri2_1|*nVl2  VII-7 

X 

where  <J>K  and  EX'  are  the  core  and  continuum  orbitals 
respectively.  Since  several  values  of  the  orbital  angular 
momentum  quantum  number  X'  of  the  continuum  hole  (EX’)-'1' 
may  couple  with  the  quantum  number  X  of  the  initial 

vacancy  to  give  Linitial  =  Lfinal'  t^ie  suiranati°n  must  be 
carried  out  over  all  possible  values  of  X'.  For  the  Auger 
processes  which  involve  an  initial  s  vacancy  ( X=0 ) ,  X'  has 
only  one  value  X'  =  L^.  In  the  KW  transitions  of  Oxygen, 
Boron  and  Fluorine  in  the  molecules  investigated,  the 
initial  vacancy  is  in  an  s  level  and  the  two  final  state 
holes  are  in  molecular  orbitals  formed  from  atomic 
orbitals  belonging  to  the  level  L,  therefore  in  equation 
VII-6  the  KLL  transition  probabilities  are  appropriate. 

In  Table  VII-1  are  listed  the  analytic  expressions  for  the 

1 2 

KLL  transition  probabilities  in  terms  of  direct  and 
exchange  Slater's  integrals. 

( n-j3Xt)ncXc,  naXaEX')  represents  the  radial  part  of 
the  Direct  and  Exchange  matrix  elements  defined  in  Chapter 
I  (equations  1-16,  1-17);  n^,  nc  and  X-^,  Xc  are 
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Table  VII-1.  Analytic  Expressions  for  the  KLL  Transition  Probabilities 
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respectively  the  principal  and  orbital  quantum  numbers  of 
the  two  electrons  missing  in  the  Auger  final  state;  na,E 
and  £a,£'  are  the  corresponding  numbers  for  the  emitted 
electron  in  the  initial  state  and  the  Auger  electron  in 
the  continuum. 

Summing  over  all  the  terms  arising  from  the  same 
configuration  and  using  the  radial  integrals  R^, 
calculated  by  Walters  and  Bhalla^S  within  the  HFS  SCF 
method,  the  transition  probabilities  listed  in  Table  VII-2 
for  Boron,  Oxygen  and  Fluorine,  expressed  in  atomic  units 
of  time  tq  (2.42  x  10“^  sec)  were  obtained. 

There  is  no  clear  agreement  about  the  orbital 
populations  to  be  used  in  equation  VII-6,  the  local  or  the 
Mulliken.  Both  are  defined  by  the  MO  overlap  equation^ 


^  cncmsnm  ^  cn  +  ^  cncm^nm^  ^  VII  8 
n,m  n  mfn 

where  cn,  cm  are  the  orbital  coefficients  and  Snm  is  the 
overlap  integral  between  the  orbitals  n  and  m.  The 
Mulliken  populations  include  the  bonding  charge  such  that 


P 


M 

n 


cncm^nm 


VII-9 


and  satisfy  the  sum  rule 


K. 


\ 
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Table  VII-2.  KLL  Auger  Transition  Probabilities  for  Boron, 

Oxygen  and  Fluorine 


Transitions 


B  KL-lI^ 


B  KL1L2>3 


0  KL1L1 
O  KL1L2>3 
0  KL2,3L2,3 

F  KI^L^ 

F  KL1L2f3 
F  KL o  tLo  3 


Transition  Probability 
(a. u. )/ % 

2.663  x  1CT3 
7.653  x  10-3 

2.656  x  10-3 

7.871  x  10"3 
18.254  x  10”3 

2.631  x  10"3 
7.803  x  10'3 
18.029  x  10-3 
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£  PnM  =  1  VII-10 

n 

The  local  populations  include  only  the  diagonal  terms 
Pn  =  c£.  It  is  now  becoming  generally  accepted  that  the 
Auger  process  samples  the  populations  only  on  the  atom 
with  the  core  hole.  The  interatomic  Auger  matrix  elements 

PKab  =  <  '  I  r12_1  I  ^a^b5,  f°r  a  sYstem  °f  two  atoms  a  and 

.  .  97 

b  with  core  hole  K  in  the  atom  a,  have  been  found  to  be 

much  smaller  than  the  intraatomic  elements  PKaa  = 

<  <J>K '  I  ri 2~^  I  ^a <^>a>  *  However  the  extent  of  the  radial 

wave  function  sampled  by  the  Auger  process  is  not  clear. 

So  a  valid  question  which  remains  is  whether  the  Auger 

process  probes  only  the  electron  density  on  the  atom  with 

the  core  hole,  or  also  the  bonding  charge.  So  far 

comparisons  with  experiments  have  been  inconclusive. 

There  are  examples  of  good  agreement  obtained  with  either 

the  local  or  the  Mulliken  populations  in  different 

problems,  '  depending  on  the  more  or  less  localized 

nature  of  the  electron  density.  In  the  following  analysis 

the  orbital  coefficients,  as  given  by  CNDO  calculations, 

have  been  used.  These  values  reflect  the  local 

contribution  of  each  atomic  orbital  to  the  molecular 


orbitals . 


\vh 
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D .  Results  and  Discussion 

In  Table  VII-3  and  VII-4  the  core  level  binding 
energies  and  the  experimental  ionization  potential  of  some 
of  the  molecular  orbitals  as  found  by  others^^ '  are 
listed  for  OF2  and  BF3  respectively.  The  electronic  con¬ 
figuration  of  neutral  OF2  in  the  ground  electronic  state 
is  (  3a-^  )  2  (  2b2  )^(4a-L)2(lb-L)2(5a-L)2(  3b2  )  ^  ( la2  )  ^  ( 4b2  )^~ 

(6a^  )  2  (  2b-^  )  2 . The  electronic  configuration  of  BF3  in 
the  ground  state  is  ( 3a ' 3 ) 2 ( 2e ' ) ^ ( 1&2 " ) 2 ( 4a! 1 ) 2 ( 3e ' ) 4- 
( la2 1 ) 2 ( le" ) 4 (4e ' ) ^ .  The  orbital  eigenvalues  obtained 
from  CNDO/22^  calculations  are  also  given.  It  has  been 
found1^  that  approximate  LCAO  SCF  calculations  such  as 
CNDO/2  give  energies  differing  from  experiment  by  ~4  eV. 
To  obtain  "corrected"  binding  energies  this  value  was 
subtracted  from  each  CNDO  orbital  energy  and  the  corrected 
values  were  used  as  Koopmans '  theorem  ionization 
potentials  in  subsequent  calculations  wherein.  The 
results  given  in  Tables  VII-3  and  VII-4  show  that  CNDO 
calculations  gave  generally  larger  values  than 
experimental  for  the  ionization  potentials,  the  largest 
discrepancy  from  the  experimental  value  being  of  the  order 
of  2  eV. 

Before  considering  the  detailed  analysis  of  the 
spectra,  it  is  appropriate  to  describe  the  general  feature 


24  4 


Table  VII-3.  Experimental  Core  Level  and  Experimental  and 

Calculated  Molecular  Orbital  Ionization 
Energies  (eV)  of  0F2 


Experimental  CNDO/2 


13.26 

15 . 23 

2bx 

16.17 

16.63 

6  a 

16.47 

17.30 

4b2 

18.68 

19.12 

la2 

19.50 

20.70 

3b2 

20.9 

21.06 

5a^ 

21.92 

lbx 

32.15 

4ai 

41.43 

2b2 

45.85 

3  a  2. 

Eo 

Is 

545. 32b,  545. 33c 

ef 

Is  ” 

695. 13b,  695. 07c 

a. 

The 

values  are  taken  from  ref. 

100. 

b . 

This 

study . 

c.  Ref.  101 


! 

■ 

■ 
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Table  VII-4.  Experimental  Core  Level  and  Experimental  and 

Calculated  Molecular  Orbital  Ionization 
Energies  (eV)  of  BFo 

•J 


Experiment a la 

CNDO/2 

15.95 

15 . 9 

(4e 

'  ) 

16.63 

16.7 

(le 

“) 

17.13 

17.2 

(la 

'2> 

19.06 

21.2 

( 3e 

1  ) 

20.14 

21 . 5 

(4a 

V 

21.40 

22.0 

( la 

"2> 

44.0 

( 2e 

’  ) 

45.8 

( 3a 

B  Is  " 

202. 74b,  202. 8C 

F  Is  = 

694 . 77b,  694. 8C 

a.  Values  given  in  ref.  102. 

b.  This  study. 

c.  Ref.  103 


\ 
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of  these  valence  Auger  spectra.  The  molecular  orbitals  of 
the  first  row  elements  may  be  partitioned  into  inner  and 
outer  valence  orbitals.  The  former  being  mainly  of  2s 
character,  are  tightly  bound,  whereas  the  latter  which  are 
essentially  of  2p  character  are  less  tightly  bound.  This 
leads  to  a  natural  division  of  the  double  hole  Auger 
states  into  three  classes,  comprising  outer-outer,  outer- 
inner,  and  inner-inner  vacancies.  These  three  groups  of 
states  will  represent  non-overlapping  energy  regions  in 
the  Auger  spectrum.  Most  of  the  intensity  is  found  in  the 
first  energy  interval  corresponding  to  the  outer-outer 
group  of  states  of  the  high  kinetic  energy  part,  as  will 
be  seen  in  the  spectra  of  OF2  and  BF3.  On  the  low  kinetic 
energy  side  of  the  spectrum,  the  bands  become  weaker  and 
broader,  and  the  background  increases  further  obscuring 
the  discrete  transitions.  The  analysis  of  the  bands 
occurring  in  this  part  of  the  spectrum,  i.e.  the  second 
and  the  third  energy  regions,  is  arduous  due  to  the 
presence  of  different  satellite  processes.  A  complete 
classification  of  different  types  of  satellite  processes 

1  n: 

in  Auger  spectra  has  been  given  by  Moddeman  et  al . 

The  O(KW)  and  F(KW)  Auger  spectra  of  OF2  are  shown 
in  Figures  VII-1  and  VII-2.  The  B(KW)  and  F(KVV)  Auger 
spectra  of  BF3  are  shown  in  Figures  VII-3  and  VII-4 


"V 

Counts  x  10  /22  sec 
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O  KVV  Auger  of  OF2 


KE  (eV) 


Figure  VII-1.  Calculated  and  experimental  0(KW)  Auger 
spectra  of  gaseous  C^.  The  experimental  spectrum  was 
excited  with  2.5  keV  electrons  at  a  sample  pressure  of  ly. 
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F  KW  Auger  of  OF2 


Figure  VII-2.  Calculated  and  experimental  F  (KW)  Auger 
spectra  of  gaseous  C^.  The  experimental  spectrum  was 
excited  with  2.5  keV  electrons  at  a  sample  pressure  of  ly. 


Counts  x  103/15  sec 
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B  KVV  Auger  of  BF3 


Figure  VII-4.  Calculated  and  experimental  B(KW)  Auger 
spectra  of  gaseous  BF^.  The  experimental  spectrum  was 
excited  with  2.5  keV  electrons  at  a  sample  pressure  of  ly . 


Counts  x  102/140  sec 
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F  KW  Auger  of  BF3 


spectra  of  gaseous  BF^.  The  experimental  spectrum  was 
excited  with  2.5  keV  electrons  at  a  sample  pressure  of  ly . 
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respectively  along  with  the  corresponding  calculated 
spectra.  Even  if  the  Auger  processes  of  the  two  elements 
in  both  compounds  (Oxygen  and  Fluorine  in  OF2/  Boron  and 
Fluorine  in  BF^)  involve  the  same  final  states,  the 
appearance  of  the  spectra  is  quite  different.  This 
indicates  that  the  transition  probability  for  a  given 
final  state  is  determined  by  the  location  of  the  initial  K 
hole.  The  experimental  line  shapes  were  decomposed  into 
component  Lorentzian  curves  by  means  of  a  least  square 
line  fit  programme.  ^6  The  linewidths  were  allowed  to  be 
free  parameters  in  order  to  achieve  the  best  fit.  The 
calculated  spectra  have  been  obtained  by  a  curve 
simulation  programme  using  positions  estimated  from 
equation  VII-1,  neglecting  the  relaxation  term,  widths  as 
derived  from  the  deconvolution  of  the  experimental  data 
and  areas  as  required  by  the  intensity  values  derived  from 
the  molecular  orbital  intensity  model  (equation  VII-6). 
Lorentzian  functions  have  been  computed  for  each  peak  and 
these  have  been  summed  to  give  the  total  envelope.  The 
coulombic  terms  F(YZ)  required  in  equation  VII-1  were 
calculated  from  equation  VII-2  using  the  atomic  orbital 
coefficients  given  by  the  CNDO/2  calculations  performed  on 
the  neutral  molecules.  The  experimental  energies,  widths, 
intensities,  and  for  comparison,  corresponding  calculated 
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values  are  given  in  Tables  VII-5  to  VII-8  along  with  the 
coulombic  terms  obtained  as  above.  In  the  tables  are  also 
given  the  final  state  configurations  which  are  the  major 
contributors  to  the  intensity  of  the  peaks.  On  the  basis 
of  the  atomic  character  of  the  molecular  orbitals, 
assuming  that  only  transitions  to  molecular  orbitals  with 
atomic  contributions  from  the  element  with  the  core  hole 
produce  the  Auger  spectrum,  and  on  the  basis  of  the  atomic 
Auger  matrix  elements,  it  was  possible  to  deduce  the 
number  of  possible  final  state  configurations  in  each 
spectrum.  For  the  O(KW)  and  F(KVV)  Auger  spectra  of  OF2 
there  are  45  and  55  final  state  configurations 
respectively.  The  B(KVV)  and  F(KVV)  Auger  spectra  of  BF3 
involve  10  and  36  final  state  configurations 
respectively.  In  order  to  have  comparable  calculated  and 
experimental  spectra,  many  of  the  lines  arising  from 
different  final  states  were  grouped  by  energy  in  such  a 
way  as  to  yield  approximately  the  same  number  of  peaks  as 
observed  in  the  experimental  spectra.  Linewidths  were  not 
calculated,  the  values  used  in  the  simulated  spectra  were 
taken  from  the  experimental  results,  except  in  those  cases 
when  the  attribution  of  the  peak  was  uncertain  and  an 
arbitrary  width,  suggested  by  the  number  of  final  state 
contributions,  was  used.  The  relaxation  terms  P(YZ) 


was  used. 


Table  VII-5.  O(KW)  Auger  Transitions  of  OF 
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listed  in  the  tables  were  obtained  from  the  Auger 
parameter  as  described  in  Section  C,  and  they  are  equal  to 
the  difference  between  the  experimental  and  calculated 
Auger  energies  listed  in  Tables  VII-5  to  VII-8.  In 
contrast  to  the  inner  shell  Auger  spectra  and  assuming 
that  the  coulombic  interaction  terms  used  in  our  analysis 
are  correctly  estimated,  the  relaxation  contribution  for 
valence  Auger  spectra  is  different  for  each  line.  The 
calculated  intensities,  given  in  the  tables  as  areas  of 
the  peaks,  were  obtained  from  equation  VII-6  using  the 
coefficients  from  Tables  VII-9  and  VII-10  and  the 
transition  probabilities  from  Table  VII-2.  The 
coefficients  listed  in  Tables  VII-9  and  VII-10  for  OF2  and 
BF3  molecules  respectively  were  obtained  from  two 
different  CNDO/2  calculations  performed  on  both 
molecules.  The  values  referring  to  Oxygen  and  Boron  were 
obtained  from  calculations  performed  on  molecular  ions 
with  a  nuclear  charge  of  Z+l  for  Oxygen  and  Boron  atoms. 
This  procedure  was  followed  to  take  into  account  the 
alteration  of  the  population  in  response  to  the 
introduction  of  a  core  hole  in  the  initial  state  of  the 
Auger  process. The  coefficients  relative  to  Fluorine 
in  both  compounds  were  obtained  from  calculations 
performed  on  the  neutral  molecules.  It  was  observed  that 
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in  the  case  of  Oxygen  and  Boron  spectra,  the  coefficients 
obtained  from  CNDO  calculations  performed  with  a  nuclear 
charge  of  Z+l  for  the  central  atom  produced  better 
agreement  between  experimental  and  calculated  intensities 
than  the  coefficients  obtained  from  the  calculations  on 
the  neutral  molecules.  For  the  Fluorine  spectra  of  both 
compounds,  the  coefficients  from  the  neutral  molecule 
calculations  gave  better  results. 

Tables  VII-5  and  VII-6,  together  with  Figures  VII-1 

and  VII-2  referring  to  O(KVV)  and  F(KW)  in  OF2  show  a 

general  agreement  between  the  calculated  and  the 

experimental  spectra.  However,  at  the  low  energy  side  of 

both  spectra,  the  calculations  underestimate  the  intensity 

of  the  peaks.  The  experimental  Auger  energy  scales  for 

the  Oxygen  KVV  and  Fluorine  KW  differ  approximately  by 

150  eV  which  is  the  difference  between  the  0  Is  and  F  Is 

binding  energies  in  agreement  with  the  fact  that  the  final 

states  are  the  same  in  both  spectra.  The  experimental 

spectrum  of  O(KVV)  in  OF2  is  very  much  different  from  the 

one  obtained  for  water  vapor,  w '  which  exhibited  some 

similarity  with  the  normal  atom-like  KLL  Auger  spectrum  of 

•  1  DR 

the  isoelectronic  Ne  species  shown  for  comparison  in 

Figure  VII-5.  The  resemblance  was  attributed  to  the 
domination  of  Oxygen  character  in  the  molecular  orbitals 
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Figure  VII-5 .  KLL  Auger  spectrum  of  Neon. 


267 


of  water.  In  OF2  the  large  amount  of  Fluorine  character 
in  the  molecular  orbitals  (Table  VII-9)  alters  the  O(KW) 
spectrum  of  this  molecule  so  that  it  is  quite  different 
from  that  of  the  isoelectronic  relative  of  the  central 
atom.  Neon.  The  experimental  spectrum  of  F(KW)  in  OF2 
(Figure  VII-2)  shows  some  similarity  with  the  atomic  KLL 
spectrum  of  Ne,  however  the  contribution  of  the  Oxygen 
orbitals  to  the  molecular  orbitals  is  also  large  enough  to 
alter  the  atomic  shape  of  the  spectrum. 

The  experimental  O(KW)  (Figure  VII-1)  spectrum  shows 
two  structures  on  the  high  energy  side,  which  are  not 
predicted  by  the  theory.  These  structures  can  be  due  to 
autoionization  or  formation  of  excited  state  showing  as 
high  energy  satellite.  The  autoionization  process  is 

usually  verified  by  comparing  the  electron  excited 
spectrum  with  an  X-ray  excited  spectrum.  For  this  purpose 
a  Mg  Kct-^  2  excited  0(KW)  spectrum  was  also  obtained, 
however  the  intensity  was  so  low  that  it  was  not  possible 
to  verify  the  presence  of  these  high  energy  peaks.  In  the 
electron  excited  F(KW)  spectrum  of  the  same  compound, 
there  is  no  evidence  of  high  energy  satellite  peaks.  For 
atoms  which  are  surrounded,  in  molecules,  by  highly 
electronegative  species  it  has  been  postulated  the 
presence  of  a  "potential  barrier"'1'®^  to  explain  certain  X- 
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ray  absorbtion  features.  This  potential  barrier  arises 
from  the  following  situation:  an  electron,  when  it  is 
within  the  cage  of  electronegative  atoms  and  near  the 
electropositive  atom,  will  experience  a  net  attraction  due 
to  the  partially  screened  nucleus  of  the  central  atom; 
this  region  of  space  is  defined  as  the  "inner  well" 
potential.  An  electron  will  also  experience  a  net 
attraction  when  it  is  at  larger  distance  and  sees  only  the 
Coulomb  attraction  by  the  molecular  ion;  this  region  of 
space  is  defined  as  the  "outer-well"  potential.  At 
intermediate  distances  the  potential  may  not  be  attractive 
and  may  constitute  a  "barrier"  due  to  the  electronegative 
atoms  located  there.  If  the  barrier  is  high  (10-20  eV )  , 
quasistationary  states  above  the  K  shell  edge  can  exist. 
Whether  or  not  transitions  from  an  initial  state  to  these 
states  can  occur  depends  also  upon  the  relative  symmetry 
of  initial  and  excited  states,  i.e.  these  states  must  have 
opposite  parity  for  a  non-vanishing  dipole  transition.  It 
is  possible,  then,  that  in  a  molecule  like  OF2  the 
potential  barrier  created  by  the  two  Fluorine  atoms  gives 
rise  to  excited  states  that  may  be  reached  by  the  0  Is 
electron  and  not  by  the  F  Is  electron,  explaining  the 
absence  of  high  energy  satellites  in  the  F(KVV)  spectrum. 


The  energies  of  the  Auger  lines,  estimated  excluding 
R(YZ),  are  generally  smaller  than  the  experimental 
values.  The  differences  are  an  estimate  of  the  relaxation 
contribution.  In  the  O(KW)  spectrum  (Table  VII-5)  the 
relaxation  seems  to  decrease  with  increasing  energy  of  the 
Auger  electron.  However,  because  orbital  energies  from 
CNDO  calculations  for  the  high  valence  ionization  energies 
which  were  not  experimentally  accessible  were  used,  the 
relaxation  contribution  extracted  for  transitions 
involving  these  innermost  valence  orbitals  are  not 
reliable.  As  it  is  shown  in  Table  VII-3  from  a  comparison 
of  the  available  experimental  ionization  energies  with  the 
CNDO  values,  the  latter  are  generally  larger  than  the 
experimental  energies.  For  O(KW)  and  F(KW)  spectra  of 
OF2,  the  intensities  of  the  peaks  at  high  energy  are 
overestimated  by  the  calculations,  whereas  the  low  energy 
peak  intensities  are  underestimated.  The  discrepancies 
may  be  due  to  the  use  of  inadequate  values  of  the  atomic 
matrix  elements  (Walters  and  Bhalla^^  obtained  these 
matrix  elements  without  allowing  for  the  relaxation  of  the 
electrons  and  using  neutral-atom  ground  state  orbitals)  or 
to  the  inadequacy  of  the  atomic  orbital  populations  from 


CNDO  calculation. 
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In  the  O(KVV)  spectrum  (Figure  VII-1  and  Table  VII-5) 
peak  11  at  501.38  eV  has  the  main  contribution  from  the 
transition  to  the  final  state  (lb]_2b1)/  peak  12  at  502.43 
eV  is  due  to  a  combination  of  transitions  to  the  final 
states  (Ga-j^a-^),  (4b26a-L)  and  (4b24b2).  Peak  13  at  505.13 

eV  is  due  to  a  combination  of  transitions  to  the  final 
states  (Ga-^2b^),  (4b22b^).  All  the  orbitals  involved  in 


these  transitions,  as 

we 

can  see  from  the 

atomic 

populations 

in  Table 

VI 1-9 , 

have  a  large  Oxygen 

2p 

character . 

The  peaks 

at 

lower  enegies  are 

due 

to 

transitions  involving  mostly  the  molecular  orbitals  3a^ 
and  4a-^,  which  have  Oxygen  2s  character. 

In  the  F(KW)  spectrum  (Figure  VII-2  and  Table  VII-G) 
peak  6  at  645.95  eV  gets  most  of  the  intensity  from  the 
transition  to  the  Ia2la2  final  state  and  peak  7  at  G4G.81 
eV  is  due  to  a  combination  of  transitions  to  5a-^4b2/ 
lb^4b2#  lb-^Ga^  final  states  which  involve  orbitals  with 
large  Fluorine  2p  character  whereas  the  peaks  at  lower 
energy  are  due  to  transition  involving  2b2,  4a-^,  3a^ 

orbitals  which  have  large  Fluorine  2s  character.  Others 
have  suggested^^  that  the  screening  charge  is  mainly  s 
like,  thus  the  screening  increases  the  ss  and  sp  Auger 
contributions  relative  to  the  pp.  As  it  was  previously 

Q  C  , 

noted,  the  matrix  elements  were  obtained  without 
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considering  relaxation  of  the  electrons  so  they  do  not 
account  for  the  increased  ss  or  sp  contributions.  Another 
possibility  for  the  observed  discrepancies  between 
calculated  and  experimental  intensities  could  arise  from 
the  background  contributions  which  are  difficult  to 
account  for  properly. 

The  experimental  spectra  of  B(KW)  and  F(KW)  in  BF3 
compared  to  the  simulated  spectra  are  shown  in  Figures 
VII-3  and  VII-4  respectively.  The  parameters  of  the 
spectra  are  listed  in  Table  VII-7  and  VII-8.  The  energy 
scales  of  B(KW)  and  F(KW)  differ  by  ~490  eV  which  is  the 
difference  between  the  B  Is  and  F  Is  binding  energies. 

The  experimental  B(KVV)  spectrum  has  a  simple 
structure  in  agreement  with  little  Boron  orbital  character 
for  the  molecular  orbitals  (Table  VII-10).  In  the 
calculated  spectrum  a  quite  strong  peak  at  103  eV  is 
predicted  by  the  theory  which  is  not  seen  in  the 
experimental  spectrum.  The  structure  present  at  ~132-134 
eV  in  the  experimental  spectrum  is  less  pronounced  than  in 
the  calculated  spectrum  where  it  is  predicted  to  occur  at 
~126-129  eV.  The  group  of  lines  at  151-157  eV  in  the 
experimental  spectrum  is  predicted  by  the  theory,  however 
there  are  discrepancies  in  the  relative  intensities.  In 
the  experimental  spectrum  at  160.11  eV  there  is  a  weak 
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peak  not  given  by  the  theory,  it  may  be  due  to 
autoionization  or  formation  of  excited  states.  In 
contrast  to  the  O(KVV)  case,  here  the  peaks  at  higher 
energy  are  underestimated  by  the  calculations.  Peak  7  at 
153.53  eV  and  peak  8  at  155.48  eV  have  been  attributed  to 
Auger  transitions  to  the  la"24a'-L  and  la"23e'  final  states 
respectively.  From  the  atomic  orbital  populations  given 
in  Table  VII-10  it  is  seen  that  the  major  contributions 
from  Boron  to  these  molecular  orbitals  come  from  s  and  p 
atomic  orbitals,  therefore  the  transition  rates  for  the 
corresponding  Auger  lines  must  be  proportional  to  the  sp 
matrix  elements. 

The  similarity  of  the  experimental  F(KW)  spectrum 
(Figure  VII-4)  with  the  atom-like  Ne  KLL  spectrum  (Figure 
VII-5)  in  this  case  is  due  to  the  large  Fluorine  orbital 
contribution  to  the  molecular  orbitals  in  BF3  (Table  VII- 
10).  The  calculated  and  experimental  F(KVV)  Auger  spectra 
illustrated  in  Figure  VII-4  show  the  same  overall  shape. 
However,  the  calculated  peaks,  values  for  which  are  given 
in  Table  VII-8,  occur  at  higher  energies  than  the 
experimental  values.  Considering  that  no  relaxation  has 
been  included,  which  would  further  increase  the  energies, 
the  coulombic  interaction  term  must  have  been 
substantially  underestimated.  Comparing  the  most  intense 
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and  narrow  peaks  in  the  experimental  or  calculated 
spectra,  it  appears  that  the  coulombic  term  F(YZ)  should 
be  at  least  3-9  eV  larger  (more  negative)  if  a  relaxation 
zero  is  assumed.  If  the  relaxation  is  non-zero,  then  the 
coulombic  term  must  be  even  larger.  Fluorine  is  much  more 
electronegative  than  Boron  and  its  contribution  to  the 
molecular  orbitals,  as  expressed  by  the  atomic 
coefficients,  is  larger  than  the  contribution  from 
Boron.  Considering  that  Fluorine  in  BF3  is  more  like  F~, 
calculations  of  the  coulombic  term  have  also  been 
attempted  using  negative  ion  one  center  integrals^-11 
instead  of  the  neutral  atomic  integrals.  However,  because 
the  ion  integrals  were  slightly  smaller  (<10%)  than  the 
atomic  ones,  the  coulombic  terms  derived  from  these 
integrals  were  smaller  than  those  obtained  from  atomic 
integrals  yielding  larger  discrepancies.  It  is  possible, 
then,  that  the  atomic  orbital  coefficients  representing 
local  populations  were  not  adequate.  In  the  experimental 
spectrum  of  F(KW),  there  are  two  bands  on  the  low  energy 
side  at  around  606  eV  and  630  eV  which  are  not  predicted 
by  the  theory.  These  two  features  could  be  attributed  to 
shake-off  satellites  associated  with  the  strong  peaks  at 
615.75  eV  and  at  641.45  eV  respectively. 
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In  the  same  spectrum,  the  peaks  at  higher  energy, 
between  641  eV  and  650  eV  are  overestimated  by  the 
calculations.  From  the  analysis  of  the  spectrum  followed 
that  peak  5  at  641.45  eV  is  due  mainly  to  a  combination  of 
transitions  to  le"le",  la"24e',  4a'j3e'  final  states  and 
peak  6  at  643.44  eV  is  due  to  a  combination  of  transitions 
to  3e'le",  3e'4e',  3e'3e'  final  states.  Peak  7  at  646.55 
eV  is  due  to  the  transition  to  the  le"4e'  final  state. 

As  shown  from  the  populations  listed  in  Table  VII-10 
all  the  orbitals  involved  in  these  Auger  transitions  have 
a  strong  Fluorine  2p  character,  therefore,  the  Auger 
transition  rates  are  best  expressed  by  the  pp  Auger  matrix 
elements.  The  peaks  at  lower  energies  which  are  due 

mainly  to  transitions  to  2e'2e',  2e'3e',  2e'4e',  3a']_3a']_ 
final  states,  are  underestimated.  From  Table  VII-10  it  is 
shown  that  the  orbitals  involved  in  these  final  states 
have  either  both  Fluorine  2s  or  one  has  Fluorine  2s  and 
the  other  has  Fluorine  2p  character,  so  the  Auger 
transition  rates  are  dependent  on  the  ss  and  sp  matrix 
elements.  Because  of  the  s  screening  effect, -^6  which  has 
been  mentioned  above,  the  matrix  elements  may  exaggerate 
the  pp/ss  and  pp/sp  ratios,  resulting  in  the  observed 
discrepancies . 
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The  highest  energy  normal  Auger  line  in  a  valence 
Auger  spectrum  is  of  particular  interest  because  from  this 
value  one  can  obtain  the  minimum  energy  for  double 
electron  removal,  Ejj(min),  from  the  relationship : 

(min )  =  E (K )  -  EA  VII-12 

where  E(K)  is  the  binding  energy  of  the  K  shell  and  EA  is 
the  measured  Auger  energy  for  the  highest  energy  normal 
Auger  line.  The  value  obtained  in  this  way  is  the 
vertical  ionization  potential  which  is  the  energy  required 
for  the  formation  of  an  ion  in  a  vibrational  state 
different  from  the  ground  vibrational  state.  Taking  the 
onset  of  the  Auger  line,  the  adiabatic  ionization 
potential  is  obtained.  This  corresponds  to  the  energy 
required  for  the  formation  of  a  molecular  ion  in  its 
lowest  vibrational  state.  As  it  was  noted  before,  the 
probability  for  reaching  a  given  final  Auger  state  will 
depend  on  whether  the  orbitals  involved  in  the  transition 
are  strongly  associated  with  the  atom  having  the  K 
vacancy.  It  is  expected,  therefore,  that  different  values 
for  the  energy  of  the  doubly  charged  molecular  ions  are 
obtained  from  the  Auger  spectra  of  two  different  elements 
in  the  molecule,  the  smallest  value  represents  Ejj(min). 
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Table  VII-11  lists  the  Ej-j-(min)  values  obtained  from 
O(KW)  and  F(KW)  in  0F2  and  B(KW)  and  F(KW)  in  BF3 .  To 
obtain  the  adiabatic  ionization  potentials,  the  onset  of 
the  peak  was  taken  as  the  intersection  of  the  tangent  to 
the  experimental  peak  with  the  baseline  of  the  spectrum. 

E .  Conclusions 

The  analysis  of  valence  Auger  spectra  showed  that  the 
general  shape  of  the  spectra  can  be  reproduced  using  a 
molecular  orbital  treatment.  In  some  cases,  for  example 
O(KW)  and  B(KW)  Auger  spectra,  improved  agreement 
between  experimental  and  calculated  intensities  resulted 
from  the  use  of  atomic  populations  calculated  for  a 
nuclear  charge  of  Z+l  in  the  atom  with  the  core  hole,  thus 
taking  into  account  the  alterations  of  the  population  in 
response  to  the  introduction  of  a  core  hole  in  the  initial 
state  of  the  Auger  process.1^  For  Fluorine  in  both 
compounds,  it  seemed  that  this  effect  was  not  important 
and  the  populations  from  the  neutral  molecule  gave  better 
results,  at  least  insofar  as  intensities  were  concerned. 
Perhaps  the  Auger  process  is  faster  in  the  Fluorine  atom 
than  the  eventual  rearrangement  of  the  electronic 
charge.  The  reasons  for  this  peculiarity  are  not  clear, 
and  more  studies  on  Fluorine  containing  molecules  should 


be  done . 
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Table  VII-11.  Minimum  Energy  Required  for  Producing  Doubly 

Charged  Molecular  Ions,  as  Obtained  from  the 
Auger  Spectra  of  Both  Elements  in  OF2  and 

bf3 


Ion 

E (min ) vert 

a 

E<min>aaiabb 

(eV) 

(eV) 

(of2)2+ 

38.03 (0) , 

38.51(F) 

36.22(0),  36.70(F) 

(bf3)2+ 

45.58(B), 

44.18  (F) 

43.78(B),  42.38(F) 

a.  Values  obtained  from  the  position  of  the  highest  energy 
normal  Auger  peak. 

b.  Values  obtained  from  the  onset  of  the  highest  energy 


normal  Auger  peak. 
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The  relaxation  terms  for  O(KW)  and  F(KVV)  in  OF2  are 
small  and  of  comparable  magnitude,  especially  for  the 
peaks  at  high  energy  for  which  experimental  ionization 
energies  were  used.  This  result  suggests  that  the  main 
effect  to  the  relaxation  is  due  to  the  final  state  which 
is  the  same  in  both  spectra.  A  different  result  arises 
for  B(KVV)  and  F(KW)  in  BF3.  F(KW),  even  considering 
the  all  approximations  used  to  calculate  the  energies  of 
each  term,  appears  to  have  a  significantly  larger 
coulombic  term  (negative)  than  that  which  has  been 
estimated,  and  a  very  small  relaxation  term. 


CHAPTER  VIII 


CONCLUSIONS 

The  original  goal  of  the  work  described  in  this 
thesis  was  to  elucidate  chemical  effects  on  molecular 
Auger  spectra.  It  has  been  shown  that  the  absolute 
energies  of  the  Auger  spectra  depend  mostly  on  the  so- 
called  "final  state  effect"  which  is  associated  with  the 
relaxation  process  suffered  by  the  molecule  as  the  result 
of  the  removal  of  electrons.  This  effect  also  contributes 
significantly  to  photoelectron  shifts  with,  however, 
reduced  magnitude. 

The  inner  shell  Auger  spectra  of  Ge  and  Sn  exhibited 
an  energy  shift  which  was  constant  through  all  the  diagram 
lines  while  maintaining  a  general  atomic  shape  with 
essentially  unchanged  intensity  ratios.  Therefore  atomic 
theory  can  be  used  to  adequately  describe  such  spectra 
both  in  terms  of  the  relative  energies  and  the  intensities 
within  a  group  of  Auger  lines.  The  theoretical  estimate 
of  the  extraatomic  relaxation  energy  is  close  to  the 
experimental  value  for  a  metal,  but  it  is  larger  than  the 
experimental  relaxation  for  molecular  systems.  A 
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different  approach  to  the  estimation  of  this  "extra 
atomic"  contribution  is  required  which  takes  into  account 
the  chemical  environment  of  the  atom  of  interest. 

In  the  case  of  the  valence  Auger  spectra,  the 
energies  as  well  as  the  intensities  were  very  dependent  on 
the  molecular  environment,  and  a  theoretical  estimate  of 
both  was  accomplished  using  a  molecular  orbital  model  with 
semiempirical  calculations.  This  approach  seemed  to  be 
reasonably  successful  allowing  the  reproduction  of  the 
main  features  of  these  spectra.  However,  relative 
intensities  of  some  peaks  were  not  well  predicted, 
possibly  because  of  the  inadequacies  of  semiempirical 
(CNDO)  atomic  coefficients.  The  relaxation  term  obtained 
from  a  comparison  of  experimental  and  calculated  spectra 
was,  in  general,  lower  than  that  found  for  the  inner  shell 
Auger  spectra.  The  reason  for  this  is  attributable  to  the 
nature  of  the  electrons  involved  in  the  final  state  of  the 
Auger  process.  They  are  valence  electrons  which  belong  to 
the  outermost  orbitals  in  the  molecule  and  therefore  there 
can  not  be  outer  shell  and  extraatomic  relaxation 
contributions  to  the  relaxation  term.  The  energies  of  the 
doubly  charged  ions  were  also  obtained  from  the  valence 
Auger  spectra. 
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Using  chemical  "tuning"  of  the  inner  shell  ionization 
energy,  required  to  provide  the  initial  vacancy  of  the 
Auger  process,  the  effect  of  the  excitation  energy  near 
the  threshold  photoionization  energy  on  the  inner  Auger 
spectra  was  studied  for  Germanium.  Post  Collision 

Interaction  effects  and  spectator  satellite  Auger  peaks 
were  observed.  A  dependence  of  the  PCI  effects  on  the 
final  state  of  the  Auger  decay,  not  previously  noticed, 
was  also  observed.  Also  in  this  study,  extraatomic 
relaxation  effects  seemed  to  play  an  important  role, 
yielding  deviations  from  the  purely  atomic  post-collision 


behavior. 
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